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the voltage level on the selected Bit Line (VBL) is temporally / 
stored (e.g., temporally enable RD REF to allow CREF to 

charge to VBL) 

Compare the stored voltage levels from the selected cell and 71 Ob 
the reference cell to determine the resistive state of the 

Selected Cell 

FIG. 7B 
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Float Unselected Word Lines 

Pull all Bit Lines to down Ground (OV) through selectable 
current limiting elements (e.g., current sources); Set those 

selectable current limiting elements associated with selected 
array elements to high values (to allow programming currents 
to flow through selected elements) and set selectable current 
limiting elements associated with unselected array elements 
to low values (to inhibit programming currents from flowing 

through unselected elements) 

Drive selected Word Line to Programming Voltage (VP) such 
that programming currents flow through selected array 

elements from Word Line to Bit Line 
/1640a 

FIG. 16A 
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Initialize all Bit Lines and Word Lines to Programming Voltage 
(VP) 

Float Unselected Word Lines 

Pull up all Bit Lines to Programming Voltage (VP) through 
selectable current limiting elements (e.g., Current sources); 

Set those selectable current limiting elements associated with 
selected array elements to high values (to allow programming 

currents to flow through selected elements) and set 
selectable current limiting elements associated with 
unselected array elements to low values (to inhibit 

programming currents from flowing through unselected 
elements) 

Pull selected Word Line to Ground (OV) such that 
programming Currents flow through selected array elements 

from Bit Line to Word Line 

FIG. 16B 
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Drive Selected Word Line to the RESET voltage (VRESET). 
RESET currents flow from Word Line to Bitline, Reference 

Word Line is not Selected 

FIG. 19A 
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Float all Bit Lines and Word Lines 

Pre-charge all Bit Lines to VP/2 

Program Selected Bit Line or Bit Lines to VP for logic “1”; 
Leave Selected Bit Line or Bit Lines at VP/2 for logic “0” 

Drive Selected Word Line to Ground (OV) to allow 
programming current to flow from Bit Line(s) to Word Line 

F.G. 19B 
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BACKGROUND 

1. Technical Field 
The present disclosure relates generally to arrays of 

resistive change elements, and, more specifically, to 
improved methods for reading and programming such arrays 
without the need for cell in situ selection and current limiting 
elements. 

2. Discussion of Related Art 
Any discussion of the related art throughout this specifi 

cation should in no way be considered as an admission that 
Such art is widely known or forms part of the common 
general knowledge in the field. 

Resistive change devices and arrays, often referred to as 
resistance RAMs by those skilled in the art, are well known 
in the semiconductor industry. Such devices and arrays, for 
example, include, but are not limited to, phase change 
memory, Solid electrolyte memory, metal oxide resistance 
memory, and carbon nanotube memory such as NRAMTM. 

Resistive change devices and arrays store information by 
adjusting a resistive change element, typically comprising 
some material that can be adjusted between a number of 
non-volatile resistive states in response to some applied 
stimuli, within each individual array cell between two or 
more resistive states. For example, each resistive state 
within a resistive change element cell can correspond to a 
data value which can be programmed and read back by 
Supporting circuitry within the device or array. 

For example, a resistive change element might be 
arranged to Switch between two resistive states: a high 
resistive state (which might correspond to a logic “0”) and 
a low resistive state (which might correspond to a logic “1”). 
In this way, a resistive change element can be used to store 
one binary digit (bit) of data. 

Or, as another example, a resistive change element might 
be arranged to Switch between four resistive states, so as to 
store two bits of data. Or a resistive change element might 
be arranged to Switch between eight resistive states, so as to 
store four bits of data. Or a resistive change element might 
be arranged to switch between 2" resistive states, so as to 
store n bits of data. 

Within the current state of the art, there is an increasing 
need to Scale and increase the cell density of arrays of 
resistive change element arrays. However, as technology is 
developed within the state of the art to provide increasingly 
Smaller resistive change elements, the physical dimensions 
of individual array cells within a resistive change element 
array becomes, in certain applications, limited by the physi 
cal dimensions of selection circuitry used within traditional 
resistive change element array cells. To this end, it would be 
advantageous if a method for reading and programming 
arrays of resistive change elements were realized Such that 
individual array cells could be rapidly accessed (read) or 
adjusted (programmed) without the need for in situ selection 
circuitry or other current controlling devices within each 
cell. 

SUMMARY 

The present disclosure relates to methods for program 
ming and reading arrays of resistive change elements and, 
more specifically, to Such methods wherein cells within an 
array can be rapidly programmed or read without the need 
for in situ Selection or current controlling circuitry within 
each cell. 

In particular, the present disclosure provides a method for 
determining the resistive state of at least one resistive 
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change element within a resistive change element array. This 
method comprises first providing a resistive change element 
array. This resistive change element array comprises a 
plurality of word lines, a plurality of bit lines; and a plurality 
of resistive change elements. Each of these resistive change 
elements has a first terminal and a second terminal, wherein 
the first terminal of each resistive change element is in 
electrical communication with a word line and the second 
terminal of each resistive change element is in electrical 
communication with a bit line. The resistive change element 
array further comprises at least one resistive reference 
element, this resistive reference element having a first ter 
minal in electrical communication with a word line and a 
second terminal in electrical communication with a bit line. 

This method for determining the resistive state of at least 
one resistive change element comprises first initializing all 
of the bit lines and all of the word lines within the resistive 
change element array to a ground. This method then selects 
one word line within the resistive change element array and 
charges this selected word line to a preselected Voltage while 
holding all other word lines at ground and allowing all bit 
lines to float. This method then discharges the selected word 
line through at least one resistive change element and 
observes at least one discharge current through at least one 
resistive change element. 

This method for determining the resistive state of at least 
one resistive change element then re-initializes all of the bit 
lines and all of the word lines within the resistive change 
element array to a ground. This method then selects at least 
one resistive reference element and charges the word line in 
electrical communication with the at least one selected 
resistive reference element to a preselected voltage while 
holding all other word lines at ground and allowing all bit 
lines to float. This method then discharges the word line in 
electrical communication with the at least one selected 
resistive reference element through the at least one selected 
resistive reference element and observes at least one dis 
charge current through at least one selected resistive refer 
ence element. This method then compares at least one 
discharge current observed through at least one of the 
resistive change element and at least one discharge current 
observed through at least one of the selected resistive 
reference elements to determine the resistive state of at least 
one resistive change element. 

Further, the present disclosure also provides a method for 
adjusting the resistive state of at least one resistive change 
element within a resistive change element array. This 
method first comprises comprising providing a resistive 
change element array. This resistive change element array 
comprises a plurality of word lines, a plurality of bit lines: 
and a plurality of resistive change elements. Each resistive 
change element has a first terminal and a second terminal, 
wherein the first terminal of each resistive change element is 
in electrical communication with a word line and the second 
terminal of each resistive change element is in electrical 
communication with a bit line. 

This method for adjusting the resistive state of at least one 
resistive change element within a resistive change element 
array first initializes all of the bit lines and all of the word 
lines within the resistive change element array to a ground. 
This method then selects one word line, wherein this 
selected word line is in electrical communication with at 
least one resistive change element to be adjusted. This 
method then floats all of said word lines that are not selected. 
This method then pulls all of the bit lines to ground through 
selectable current limiting elements. Each of these selectable 
current limiting elements can be configured in at least two 
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4 
states: a first configured State that permits a sufficient pro 
gramming current to flow through a selectable current 
limiting element and a second configured State that inhibits 
a Sufficient programming current from flowing through a 
selectable current limiting element. This method then con 
figures those selectable current limiting elements associated 
with those bit lines in electrical communication with a 
resistive change element to be adjusted into the first con 
figured State and configures those selectable current limiting 
elements associated with those bit lines in electrical com 
munication with a resistive change element not to be 
adjusted into the second configured State. This method then 
drives the selected word line to a preselected voltage and 
discharges the selected word line through at least one 
resistive change element to provide at least one program 
ming current through at least one resistive change element. 
And this at least one programming current adjusts the 
electrical resistance of at least one resistive change element 
from a first resistive state to a second resistive state. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a resistive change 
element the first resistive state is lower than the second 
resistive state. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a resistive change 
element the first resistive state is higher than the second 
resistive state. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a resistive change 
element the resistive state of every resistive change element 
in electrical communication with the selected word line is 
adjusted simultaneously. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a resistive change 
element the first resistive state corresponds to a first logic 
value and the second logic State corresponds to a second 
logic value. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a resistive change 
element all the resistive change elements in electrical com 
munication with the selected word line are programmed with 
the same logic value after the selected word line has dis 
charged. 

Further, the present disclosure also provides a method for 
adjusting the resistive state of a single resistive change 
element within a resistive change element array. This 
method first comprises comprising providing a resistive 
change element array. This resistive change element array 
comprises a plurality of word lines, a plurality of bit lines: 
and a plurality of resistive change elements. Each resistive 
change element has a first terminal and a second terminal, 
wherein the first terminal of each resistive change element is 
in electrical communication with a word line and the second 
terminal of each resistive change element is in electrical 
communication with a bit line. 

This method for adjusting the resistive state of a single 
resistive change element within a resistive change element 
array first floats all of the bit lines and all of the word lines 
within the resistive change element array. This method then 
selects one of the plurality of resistive change elements. This 
method then drives the bit line in electrical communication 
with the selected resistive change element to a preselected 
Voltage and drives the word line in electrical communication 
with the selected resistive change element to ground. This 
method then discharges the bit line in electrical communi 
cation with the selected resistive change element through the 
selected resistive change element to provide a programming 
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current through the selected resistive change element. This 
programming current adjusts the electrical resistance of the 
selected resistive change element from a first resistive state 
to a second resistive state. 

Under another aspect of the present disclosure, within this 
method for adjusting the resistive state of a single resistive 
change element the first resistive state is lower than the 
second resistive state. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a single resistive 
change element the first resistive state is higher than the 
second resistive state. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a single resistive 
change element the first resistive state corresponds to a first 
logic value and the second logic State corresponds to a 
second logic value. 
Under another aspect of the present disclosure, within this 

method for adjusting the resistive state of a single resistive 
change element the current limiting path is sufficient to 
prevent a discharge current through an unselected resistive 
change element from being large enough to adjust the 
resistive state of the unselected resistive change element. 

Under another aspect of the present disclosure, within the 
programming and reading methods presented, the resistive 
change elements are two-terminal nanotube Switching ele 
mentS. 

Under another aspect of the present disclosure, within the 
programming and reading methods presented, the resistive 
change elements are metal oxide memory elements. 

Under another aspect of the present disclosure, within the 
programming and reading methods presented, the resistive 
change elements are phase change memory elements. 

Under another aspect of the present disclosure, within the 
programming and reading methods presented, the resistive 
change element array is a memory array. 

Other features and advantages of the present disclosure 
will become apparent from the following description of the 
invention, which is provided below in relation to the accom 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the Drawings, 
FIG. 1 is a simplified schematic illustrating an exemplary 

typical architecture for an array of resistive change elements 
wherein FET selection devices are used within the cells of 
the array. 

FIG. 2 is a simplified schematic illustrating an exemplary 
typical architecture for an array of resistive change elements 
wherein diode selection devices are used within the cells of 
the array. 

FIG. 3 is a simplified schematic illustrating an exemplary 
typical architecture for an array of 1-R resistive change 
element cells wherein no selection devices or other current 
limiting circuitry are used within the cells of the array. 

FIG. 4 is a diagram illustrating parasitic current flows 
present within a 1-R resistive change element array archi 
tecture (as shown in FIG. 3, for example) during a static DC 
programming or read operation. 

FIG. 5 is a perspective drawing illustrating the layout of 
a 3D array of 1-R resistive change element cells. 

FIG. 6A is a simplified schematic illustrating an exem 
plary architecture for an array of 1-R resistive change 
element cells wherein no selection devices or other current 
limiting circuitry are used within the cells of the array (as 
with FIG. 3) but also including a fixed voltage reference and 
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6 
exemplary measurement and storage elements responsive to 
each bit line, as described within certain embodiments of the 
present disclosure. 

FIG. 6B is a simplified schematic illustrating an exem 
plary architecture for an array of 1-R resistive change 
element cells wherein no selection devices or other current 
limiting circuitry are used within the cells of the array (as 
with FIG. 3) but also including reference resistive elements 
for each bit line and exemplary measurement and storage 
elements responsive to each bit line, as described within 
certain embodiments of the present disclosure. 

FIG. 7A is a flow chart detailing a method according to the 
present disclosure for performing a READ operation on all 
of the bits associated with a selected bit line within a 
resistive change element array using a fixed voltage refer 
CCC. 

FIG. 7B is a flow chart detailing a method according to the 
present disclosure for performing a READ operation on all 
of the bits associated with a selected bit line within a 
resistive change element array using reference resistive 
elements within the array. 

FIG. 8A is a simplified schematic diagram detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in of FIG. 6A) 
during an exemplary READ operation performed according 
to the methods of the present disclosure as detailed in FIG. 
7A. 

FIG. 8B is a reduced schematic diagram detailing the 
electrical stimuli provided to the selected bit line and the 
selected word line within the exemplary read operation 
shown in FIG. 8A. 

FIG. 9A is a simplified schematic diagram detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in of FIG. 6B) 
during the first half of an exemplary READ operation 
performed according to the methods of the present disclo 
sure as detailed in FIG. 7B (process step 703). 

FIG. 9B is a reduced schematic diagram detailing the 
electrical stimuli provided to the selected bit line and the 
selected word line within the exemplary read operation 
shown in FIG. 9A. 

FIG. 9C is a simplified schematic diagram detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in of FIG. 6B) 
during the second half of an exemplary READ operation 
performed according to the methods of the present disclo 
sure as detailed in FIG. 7B (process step 705). 

FIG. 9D is a reduced schematic diagram detailing the 
electrical stimuli provided to the selected bit line and the 
reference word line within the exemplary read operation 
shown in FIG. 9C. 

FIG. 10A is a series of waveform diagrams detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in FIG. 6A) during 
an exemplary READ operation performed according to the 
methods of the present disclosure as detailed in FIG. 7A 
wherein the selected cell reads a logic 1. 

FIG. 10B is a series of waveform diagrams detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in FIG. 6A) during 
an exemplary READ operation performed according to the 
methods of the present disclosure as detailed in FIG. 7A 
wherein the selected cell reads a logic 0. 

FIG. 11A is a series of waveform diagrams detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in FIG. 6B) during 
an exemplary READ operation performed according to the 
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methods of the present disclosure as detailed in FIG. 7B 
wherein the selected cell reads a logic 1. 

FIG. 11B is a series of waveform diagrams detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in FIG. 6B) during 
an exemplary READ operation performed according to the 
methods of the present disclosure as detailed in FIG. 7B 
wherein the selected cell reads a logic 0. 

FIG. 12A is a Thevenin equivalent circuit model for the 
reduced schematic diagram shown in FIG. 8B and is used 
with the discussions of the exemplary READ operations 
detailed in FIGS. 14A-14C and 15A-15D. 

FIG. 12B is a Thevenin equivalent circuit model for the 
reduced schematic diagrams shown in FIGS. 9B and 9D and 
is used with the discussions of the exemplary READ opera 
tions detailed in FIGS. 14A-14C and 15A-15D. 

FIG. 13 is a current/voltage plot illustrating an IV curve 
for a non-linear resistive change element that will be used 
within the exemplary read operations detailed in FIGS. 
14A-14C and 15A-15D. 

FIG. 14 is a table detailing the smallest (minimum) READ 
signal levels resulting from performing READ operations 
according to the methods of the present disclosure as 
detailed in FIGS. 7A and 7B on a number of exemplary array 
configurations. 

FIG. 15A is a table detailing resulting bit line voltages 
(V) realized through performing a READ operation 
according to the methods of the present disclosure as 
detailed in FIG. 7A on a number of exemplary array con 
figurations wherein the arrays use non-linear resistive 
change elements (as described with respect to FIG. 13). 

FIG. 15B is a table detailing resulting bit line voltages 
(V) realized through performing a READ operation 
according to the methods of the present disclosure as 
detailed in FIG. 7B on a number of exemplary array con 
figurations wherein the arrays use non-linear resistive 
change elements (as described with respect to FIG. 13). 

FIG. 15C is a table detailing resulting bit line voltages 
(V) realized through performing a READ operation 
according to the methods of the present disclosure as 
detailed in FIG. 7B on a number of exemplary array con 
figurations wherein the arrays use 2x non-linear resistive 
change elements (as described with respect to FIG. 13). 

FIG. 16A is a flow chart detailing a method according to 
the present disclosure for performing a programming opera 
tion on one or more selected cells within a resistive change 
element array (such as is shown, for example, in FIGS. 3, 5, 
6A, and 6) using a current limiting programming method 
according to the methods of the present disclosure wherein 
the programming current or currents are provided to the 
selected cell or cells flowing from word line to bit line. 

FIG. 16B is a flow chart detailing a method according to 
the present disclosure for performing a programming opera 
tion on one or more selected cells within a resistive change 
element array (such as is shown, for example, in FIGS. 3, 5, 
6A, and 6B) using a current limiting programming method 
according to the methods of the present disclosure wherein 
the programming current or currents are provided to the 
selected cell or cells flowing from bit line to word line. 

FIG. 17A is a simplified schematic diagram detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in of FIGS. 3, 5, 
6A, and 6B) during an exemplary current limiting program 
ming operation performed according to the methods of the 
present disclosure as detailed in FIG. 16A. 

FIG. 17B is a simplified schematic diagram detailing the 
electrical stimuli provided to an exemplary resistive change 
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8 
element array (as is shown, for example, in of FIGS. 3, 4, 
6A, and 6B) during an exemplary current limiting program 
ming operation performed according to the methods of the 
present disclosure as detailed in FIG. 16B. 

FIG. 18A is a reduced schematic diagram detailing the 
electrical stimuli provided to the selected word line and the 
bits lines within the exemplary current limiting program 
ming operation shown in FIG. 17A. 

FIG. 18B is a reduced schematic diagram detailing the 
electrical stimuli provided to the selected word line and the 
bits lines within the exemplary current limiting program 
ming operation shown in FIG. 18B. 

FIG. 19A is a flow chart detailing a method according to 
the present disclosure for performing a RESET operation on 
one or more selected cells within a resistive change element 
array (such as is shown, for example, in FIGS. 3, 5, 6A, and 
6B) using a programming method according to the methods 
of the present disclosure that makes use of directed current 
paths. 

FIG. 19B is a flow chart detailing a method according to 
the present disclosure for performing a SET operation on 
one or more selected cells within a resistive change element 
array (such as is shown, for example, in FIGS. 3, 5, 6A, and 
6B) using a programming method according to the methods 
of the present disclosure that makes use of directed current 
paths. 

FIG. 20A is a simplified schematic diagram detailing the 
electrical stimuli provided to an exemplary resistive change 
element array (as is shown, for example, in of FIGS. 3, 5, 
6A, and 6B) during an exemplary programming operation 
performed according to the methods of the present disclo 
Sure as detailed in FIG. 19. 

FIG. 20B is a reduced schematic diagram detailing the 
electrical stimuli provided to the selected bit line and the 
words lines within the exemplary programming operation 
shown in FIG. 20A. 

FIG. 20O is an equivalent model schematic diagram 
detailing the electrical stimuli provided to the selected bit 
line and the words lines within the exemplary programming 
operation shown in FIG. 20A. 

FIG. 20D is a simplified schematic diagram that provides 
an equivalent circuit model for the relatively complex circuit 
depicted in FIG. 20B. 

FIGS. 21A-21D are Thevenin equivalent circuits used to 
calculate equivalent resistances and voltages for the WRITE 
voltages detailed in FIGS. 20A-20D. 

FIG. 22 is table summarizing WRITE Voltages and cur 
rents as detailed within the exemplary resistive change 
element arrays discussed with respect to FIGS. 20A-20D 
and 21A-21D. 

FIG. 23 is a simplified block diagram illustrating an 
access and addressing system capable of performing the 
programming and READ methods of the present disclosure 
on a resistive change element array. 

FIG. 24 is a simplified schematic diagram of an exem 
plary memory data path circuit well Suited for implementing 
the READ operations of the present disclosure as detailed in 
FIG. 7B and the programming operations detailed in FIGS. 
19A and 19B. 

FIG. 25 is a series of waveform diagrams illustrating the 
various operational waveforms resulting from calculations 
of the electrical performance of memory data path circuits 
schematic diagram detailed in FIG. 24. 

DETAILED DESCRIPTION 

The present disclosure relates to resistive change element 
arrays and methods for programming and reading the resis 
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tive states of resistive change elements within an array. As 
will be discussed in detail below, the programming and 
reading methods of the present disclosure are well suited for 
use within arrays of 1-R resistive change element cells. 
These 1-R resistive change element arrays (examples of 
which are shown in FIGS. 3, 5, 6A, and 6B and discussed in 
detail below with respect to those figures) are characterized 
in that these cells are comprised only of a two-terminal 
resistive change element and do not include any in situ 
selection circuitry or other current limiting elements. The 
programming and reading methods of the present disclosure 
include charging certain array lines within a resistive change 
element array simultaneously and then grounding specific 
array lines while allowing other array lines to “float' in order 
to direct discharge currents through only selected cells. In 
Some cases, within the methods of the present disclosure, 
current limiting elements are used on certain array lines— 
these current limiting elements being situated outside of the 
array cells or, in some applications, outside of the array 
itself to inhibit programming currents from flowing 
through certain array cells. In this way, as described in detail 
below, the methods of the present disclosure can be used to 
reliably and rapidly program—that is, adjust the resistive 
state of a resistive change element from a first value to a 
desired second value—and read—that is, determine the 
resistive state of a resistive change element within one or 
more cells within an array—without the need for certain 
design and layout restrictions that are inherent with many 
conventional programming and reading methods. 

Several process steps as described within the methods of 
the present disclosure require that one or more array lines be 
“floated” after being charged to a desired voltage level. It 
should be noted that within the scope of the present disclo 
Sure, “floating an array line is driving that line (or simply 
disconnecting the line from the circuit element used to drive 
the desired voltage onto the line) Such that the pre-charged 
Voltage on the array line is temporarily retained due to line 
capacitance. As will be shown in detail below, this “floating 
technique is used within the programming and READ meth 
ods of the present disclosure to provide array line discharge 
paths through selected cells (and prevent Such paths through 
unselected cells) without the need for selection circuitry in 
situ with array cells. 
As will be described in detail below, the present disclo 

Sure teaches methods for programming (that is performing 
SET and RESET operations) and accessing (that is, per 
forming READ operations) on resistive change elements 
within an array. Within certain embodiments of the present 
disclosure, arrays of resistive change elements are arranged 
Such that a first terminal of each resistive change element is 
electrically coupled to a word line and a second terminal of 
each resistive change element is electrically coupled to a bit 
line. In this way, within Such arrangements, each resistive 
change element is uniquely accessible via a particular word 
line and bit line combination. FIGS. 3, 5, 6A, and 6B 
(discussed in detail below) provide examples of such resis 
tive change element arrays. Some aspects of the present 
disclosure provide methods (again, as will be explained in 
detail below) for programming and accessing the resistive 
change elements within Such an array without the need for 
local, in situ selection circuitry or current limiting devices. 

To this end, the present disclosure provides a method for 
performing a READ operation on one or more cells within 
a resistive change element array. That is, an operation 
wherein one or more elements within a resistive change 
element array is accessed via associated word lines and bit 
lines to determine the resistive state stored within the array 
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element or elements. Within some aspects of the present 
disclosure, such a READ method makes use of a fixed 
voltage reference (as depicted, for example, in FIG. 6A) that 
is either generated within the memory array circuit itself or 
provided by external control circuitry. As will be described 
in more detail below, within such a READ operation a 
selected word line is driven to a pre-selected READ voltage 
and then allowed to discharge through one or more selected 
array elements to a measurement and storage element 
responsive to the bit line or bit lines associated with the one 
or more selected array elements. The discharge Voltage? 
current measured through each of the selected cells is then 
compared to the fixed voltage reference to determine the 
resistive state stored in each of selected array cells. As will 
be discussed below, in certain applications the use of Such a 
fixed Voltage reference in this way can provide faster and 
lower voltage READ operations. This READ method 
according to the methods of the present disclosure is 
described in detail within the discussion of FIGS. 7A, 
8A-8B, 10A-10B, and 14A-14C below. 

Within other aspects of the present disclosure, such a 
READ method makes use of resistive reference elements 
within the array itself (as depicted, for example, in FIG. 6B). 
Each of these reference elements has a first terminal elec 
trically coupled to a reference word line (a dedicated array 
line used to provide test voltages/currents to the resistive 
reference elements) and a second terminal of each electri 
cally coupled to a bit line. As will be described in more detail 
below, in a first operation phase a selected word line is 
driven to a pre-selected READ voltage and then allowed to 
discharge through one or more selected array elements to a 
measurement and storage element responsive to the bit line 
or bit lines associated with the one or more selected array 
elements. In a second operation phase, the array's reference 
word line is driven to the same pre-selected READ voltage 
and allowed to discharge through each of the reference 
elements associated with the selected bit lines to the same 
measurement and storage elements. The discharge Voltage/ 
currents measured from the first operation phase and the 
second operation phase are then compared for each of the 
selected array elements to determine the resistive state 
stored in each of selected array cells. In this way, the Voltage 
discharge of a selected cell (or cells) can simply be com 
pared to the Voltage discharge of a reference element in the 
same environment, instead of being measured and compared 
to some expected value outside the array. Alternatively, the 
reference element may be selected in a first operation phase 
and data elements may be selected in a second operation 
phase. As will be discussed below, in certain applications the 
use of reference elements in this way can provide faster and 
lower voltage READ operations. This READ method 
according to the methods of the present disclosure is 
described in detail within the discussion of FIGS. 7B, 
9A-9D, 11A-11B, and 15A-15D below. 

Further, a programming operation (that is a SET or a 
RESET operation, as defined herein) according to some 
aspects of the present disclosure can be used to SET or 
RESET one or more resistive change elements associated 
with a selected word line within a resistive change element 
array. Within some aspects of the present disclosure. Such a 
programming method involves first initializing all of the 
array lines to ground (OV), then floating all of the word lines 
within the array. The bit lines within the array are then pulled 
to ground through selected current limiting elements (such 
as, but not limited to, current sources, programmable power 
Supplies, and resistive elements). Those bit lines associated 
with array elements to be adjusted (that is, programmed) are 
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pulled through current limiting elements that permit rela 
tively high currents to flow through the selected elements, 
and those bit lines associated with array elements not to be 
adjusted are pulled through current limiting elements that 
permit only low currents to flow. The selected word line is 
then driven to the required programming Voltage (V), and 
programming currents are allowed to flow through the 
selected resistive change elements (the current limiting 
elements prevent sufficient programming currents from 
flowing through unselected array elements). The polarity of 
Such a programming operation according to the methods of 
the present disclosure can be reversed by instead pulling all 
bit lines within the array up to a selected programming 
voltage (V) through selected current limiting elements and 
then grounding the selected word line. In this way, the AC 
transient behavior of the resistive change element array can 
be used to selectively provide programming currents in 
either direction through a group of selected resistive change 
element cells within an array without the need for local, in 
situ selection circuitry within each array cell. This selected 
current limiting programming method according to the pres 
ent disclosure is described in more detail with the discussion 
of FIGS. 16A-16B, 17A-17B, and 18A-18E3 below. 
The present disclosure also provides a programming 

method that uses selected biasing of the word lines and bit 
lines within a resistive change element array to direct a 
Sufficient programming current through a single array ele 
ment to be programmed while prevented Such currents from 
flowing through the other elements within the array. Within 
this programming method, all the array lines (that is all bit 
line and all word lines) are initially floated. The bit line 
associated with the selected array element is driven to the 
required programming voltage (V), and then the word line 
associated with the selected array element is driven to 
ground (OV). In this way a programming current in induced 
to flow through the selected array element from bit line to 
word line. The polarity of this programming current can be 
reversed by driving the word line associated with selected 
array element to the programming Voltage (V) and driving 
the bit line associated with the selected array element to 
ground (OV). Unselected elements in the array may provide 
“leakage' current paths between the selected bit line and the 
selected word line. However, as will be explained in detail 
below, these leakage currents can be limited (for example, 
by the selection of the programming Voltage, the resistance 
values used within the resistive change elements, or the size 
of the array) Such as to prevent currents large enough to 
induce a change in the resistive state of unselected elements 
within the array. In this way, the AC transient behavior of the 
resistive change element array can be used to selectively 
provide a programming current in either direction through a 
single element within an array without the need for local, in 
situ selection circuitry within each array cell. This directed 
current path programming method according to the present 
disclosure is described in more detail within the discussion 
of FIGS. 19 and 20A-20C below. 

It should be noted that although the preceding discussions 
of programming and accessing methods of resistive change 
elements according to methods of the present disclosure 
generally describe programming and read currents flowing 
from word line to bit line, the methods of the present 
disclosure are not limited in this regard. Indeed, as will be 
described in detail below, a programming or read current 
could be pre-charged and floated onto a bit line associated 
with a selected cell (or cells), for example, and the word line 
(or lines) associated with the selected cell (or cells) 
grounded to provide programming and read currents that 
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flow from bit line to word line. As such, the methods of the 
present disclosure provide programming and accessing 
methods compatible with both uni-polar (that is, single 
polarity) and bi-polar (that is, dual polarity) resistive change 
element operations. 

Resistive change cells store information through the use 
of a resistive change element within the cell. Responsive to 
electrical stimulus, this resistive change element can be 
adjusted between at least two non-volatile resistive states. 
Typically, two resistive states are used: a low resistive state 
(corresponding, typically, to a logic 1, a SET state) and a 
high resistive state (corresponding, typically, to a logic 0, 
a RESET state). In this way, the resistance value of the 
resistive change element within the resistive change element 
cell can be used to a store a bit of information (functioning, 
for example, as a 1-bit memory element). According to other 
aspects of the present disclosure, more than two resistive 
states are used, allowing a single cell to store more than one 
bit of information. For example, a resistive change memory 
cell might adjust its resistive change element between four 
non-volatile resistive states, allowing for the storage of two 
bits of information in a single cell. 

Within the present disclosure the term “programming is 
used to describe an operation wherein a resistive change 
element is adjusted from an initial resistive state to a new 
desired resistive state. Such programming operations can 
include a SET operation, wherein a resistive change element 
is adjusted from a relatively high resistive state (e.g., on the 
order of 10 MS2) to a relatively low resistive state (e.g., on 
the order of 100 kS2). Such programming operations (as 
defined by the present disclosure) can also include a RESET 
operation, wherein a resistive change element is adjusted 
from a relatively low resistive state (e.g., on the order of 100 
kS2) to a relatively high resistive state (e.g., on the order of 
1 MS2). Additionally, a READ operation, as defined by the 
present disclosure, is used to describe an operation wherein 
the resistive state of a resistive change element is determined 
without significantly altering the stored resistive state. 

Resistive change elements can use, for example, two 
terminal nanotube Switching elements, phase change 
memory, metal oxide memory cells, or conductive bridge 
memory (CBRAM) as well as other materials and designs. 

Resistive change elements (and arrays thereof) are well 
Suited for use as non-volatile memory devices for storing 
digital data (storing logic values as resistive states) within 
electronic devices (such as, but not limited to, cell phones, 
digital cameras, Solid state hard drives, and computers). 
However, the use of resistive change elements is not limited 
to memory applications. Indeed, arrays of resistive change 
elements as well as the advanced architectures taught by the 
present disclosure could also be used within logic devices or 
within analog circuitry. 

Typically, a resistive change element is adjusted (pro 
grammed) between different resistive states by applying 
electrical stimulus across the element. For example, one or 
more programming pulses of specific Voltages, currents, and 
pulse widths (as required by the needs of a specific appli 
cation) can be applied across a resistive change element to 
adjust the electrical resistance of a resistive change element 
from an initial resistance value to a new desired resistance 
value. A second programming pulse (or pulses) can be used 
to adjust the resistive change element back to the first initial 
resistive state or, depending on the specific application, a 
third resistive state. 

Further, the state of a resistive change element can be 
determined, for example, by applying a DC test Voltage 
across the resistive change element and measuring the 
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current through the resistive change element. In some appli 
cations this current can be measured using a power Supply 
with a current feedback output, for example, a program 
mable power Supply or a sense amplifier. In other applica 
tions this current can be measured by inserting a current 
measuring device in series with the resistive change ele 
ment. Alternatively, the State of a resistive change element 
can also be determined, for example, by driving a fixed DC 
current through the resistive change element and measuring 
the resulting Voltage across the resistive change element. In 
both cases, the electrical stimulus applied to resistive change 
element is limited such as to not alter the resistive state of 
the element. In this way, a READ operation can determine 
the state of a resistive change memory element. 
A resistive change element can be formed from a plurality 

of materials, such as, but not limited to, metal oxide, Solid 
electrolyte, phase change material Such as a chalcogenide 
glass, and carbon nanotube fabrics. For example, U.S. Pat. 
No. 7,781,862 to Bertin et al., incorporated herein by 
reference, discloses a two terminal nanotube Switching 
device comprising a first and second conductive terminals 
and a nanotube fabric article. Bertin teaches methods for 
adjusting the resistivity of the nanotube fabric article 
between a plurality of nonvolatile resistive states. In at least 
one embodiment, electrical stimulus is applied to at least one 
of the first and second conductive elements such as to pass 
an electric current through said nanotube fabric layer. By 
carefully controlling this electrical stimulus within a certain 
set of predetermined parameters (as described by Bertin in 
U.S. Pat. No. 7,781,862) the resistivity of the nanotube 
article can be repeatedly switched between a relatively high 
resistive state and relatively low resistive state. In certain 
embodiments, these high and low resistive states can be used 
to store a bit of information. 
As described by the incorporated references, a nanotube 

fabric as referred to herein for the present disclosure com 
prises a layer of multiple, interconnected carbon nanotubes. 
A fabric of nanotubes (or nanofabric), in the present disclo 
Sure, e.g., a non-woven carbon nanotube (CNT) fabric, may, 
for example, have a structure of multiple entangled nano 
tubes that are irregularly arranged relative to one another. 
Alternatively, or in addition, for example, the fabric of 
nanotubes for the present disclosure may possess some 
degree of positional regularity of the nanotubes, e.g., some 
degree of parallelism along their long axes. Such positional 
regularity may be found, for example, on a relatively small 
scale wherein flat arrays of nanotubes are arranged together 
along their long axes in rafts on the order of one nanotube 
long and ten to twenty nanotubes wide. In other examples, 
Such positional regularity maybe found on a larger scale, 
with regions of ordered nanotubes, in some cases, extended 
over substantially the entire fabric layer. Such larger scale 
positional regularity is of particular interest to the present 
disclosure. 

While some examples of resistive change cells and ele 
ments within the present disclosure specifically reference 
carbon nanotube based resistive change cells and elements, 
the methods of the present disclosure are not limited in this 
regard. Indeed, it will be clear to those skilled in the art that 
the methods of the present disclosure are applicable to any 
type of resistive change cell or element (such as, but not 
limited to, phase change and metal oxide). 

Referring now to FIG. 1, an exemplary architecture for a 
resistive change element array 100 is illustrated in a sim 
plified schematic diagram. Within the exemplary architec 
ture 100, field effect transistors (FETs) are used within each 
resistive change element cell to provide a selectability 
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function to that cell. That is, the FET devices (Q00-Qxy) 
provide a means to access a desired resistive change element 
while isolating unselected elements. 

Specifically looking now to FIG. 1, the array 100 com 
prises a plurality of cells (CELL00-CELLXy), each cell 
including a resistive change element (SW00-SWxy) and a 
selection device (Q00-Qxy). The individual array cells 
(CELL00-CELLXy) within resistive change array 100 are 
selected for reading and programming operations using 
arrays of source lines (SLO-SLEx), word lines (WLO 
WLy), and bit lines (BLO-BLXI) as will be described 
below. 

Responsive to control signals applied to the word lines 
(WLIO-WLy), the selection devices (Q00-Qxy) within the 
individual array cells permit access or electrically isolate the 
resistive change elements (SW00-SWxy). A specific indi 
vidual cell (for example, CELL00) can be accessed by 
driving the associated word line (WLO) for CELL00) with 
electrical stimuli sufficient to turn on the desired cells 
selection FET (Q00 for CELL00). The electrical stimuli 
required to program (that is, SET or RESET) or READ the 
selected resistive change element (SW00 for CELL00) can 
then be applied across the bit line (BLO for CELLO) and 
the select line (SLO for CELL00) associated with the 
selected cell. With the selection device (Q00 in this 
example) enabled, a conductive path is provided between 
the bit line and the select line through the selected resistive 
change element, and the provided programming or reading 
stimuli is driven across only the selected resistive change 
element (SW00 for CELL00). The other cells associated 
with the bit line and select line being used are on separate 
word lines and are thus not enabled. In this way, the 
exemplary resistive change element array architecture 100 
of FIG. 1 provides a means for individually accessing and 
addressing all of the cells within the array and directing 
applied electrical stimuli sufficient to program (that is, SET 
or RESET) or READ any of the cells within the array. 
As described above, the resistive change element array 

architecture 100 of FIG. 1 provides an access and addressing 
scheme that requires each cell be responsive to three sepa 
rate control lines. Further, it requires that each cell include 
an in situ FET select device, and further that this FET select 
device be power rated high enough to withstand the pro 
gramming Voltages required by the resistive change ele 
ments being used within the array. This can, in certain 
applications, result in an FET selection device that is sig 
nificantly large as compared to the physical size of the 
resistive change element being used or even as compared to 
the desired physical dimension boundaries of an array cell. 
As resistive change element arrays are scaled down and cell 
densities increased, these and other design requirements of 
the array architecture 100 of FIG. 1 can represent, within 
certain applications, significant limitations with respect to 
the both circuit design and Scaling. 

Referring now to FIG. 2, a second exemplary architecture 
for a resistive change element array 200 is illustrated in a 
simplified schematic diagram. Within the exemplary archi 
tecture 200, diodes are used within each resistive change 
element cell to provide a selectability function to the cell. 
That is, the diode devices (D00-Dxy) provide a means to 
access a desired resistive change element while isolating 
unselected elements. 

Specifically looking now to FIG. 2, the array 200 com 
prises a plurality of cells (CELL00-CELLXy), and each cell 
comprises a resistive change element (SW00-SWxy) in 
series with a selection device (D00-Dxy). The individual 
array cells (CELL00-CELLXy) within resistive change ele 



US 9,715,927 B2 
15 

ment array 200 are selected for reading and programming 
operations using arrays of word lines (WLO-WLy) and 
bit lines (BLO-BLXI) as will be described below. 
By driving its arrays of words lines (WLO-WLy) and 

bit lines (BLO-BLIX) with a specific bias, the resistive 
change element array architecture 200 of FIG. 2 can enable 
a selected array cell by forward biasing that cell's selection 
diode while either reverse biasing or simply providing no 
Voltage drop across the section diodes of the remaining 
unselected cells. For example, to access CELL00 a sufficient 
READ, SET, or RESET Voltage (or current) is applied to 
WLIO while BL0 is driven to ground (OV). The remaining 
word lines (WL1-WLy) are driven to ground (OV), and 
the remaining bit lines (BL1-BLXI) are driven at the same 
voltage supplied to WLIO. In this way, the selection diodes 
within the remaining cells on the selected bit line (BLO)— 
that is, CELL01-CELL0y—remain unbiased, each of the 
cells seeing OV on both its associated word line and its 
associated bit line. Similarly, the selection diodes within the 
remaining cells on the selected word line (WLO) that is, 
CELL10-CELLX0 also remain unbiased, each of those 
cells seeing the applied programming or READ Voltage on 
both its associated word line and its associated bit line. And 
finally, the selection diodes within the remaining cells in the 
array—that is, CELL11-CELLXy—are reversed biased, each 
of those cells seeing OV on its associated word line and the 
applied programming Voltage or READ Voltage on its asso 
ciated bit line. In this way, only D00 is forward biased, and 
the applied programming or READ Voltage (or current) is 
applied only over the selected resistive change element 
SWOO. 
As described above, the resistive change element array 

architecture 200 of FIG. 2 provides an addressing scheme 
that requires each cell be responsive to only two separate 
control lines as compared with the three control lines 
required by the array architecture 100 of FIG. 1. While this 
represents a significant simplification in architecture and 
layout, the array architecture 200 of FIG. 2 still requires that 
each cell include an in situ selection device (a diode in this 
case). As with the FET selection device of array architecture 
100 of FIG. 1, this selection diode must be power rated high 
enough to withstand the programming Voltages required by 
the resistive change elements being used within the array— 
this includes a reverse bias rating greater than the program 
ming Voltage and current required by the resistive change 
element being used. As with the FET selection devices of 
FIG. 1, this can, in certain applications, result in a diode 
selection device that is significantly large as compared to the 
physical size of the resistive change element being used or 
even as compared to the desired physical dimension bound 
aries of an array cell. Additionally, the array architecture 200 
of FIG. 2 does not permit bipolar operation of the resistive 
change elements. That is, programming (SET and RESET) 
currents and READ currents can only be applied in only one 
direction: the polarity associated with the forward bias 
direction of the selection diodes. In certain applications, 
bipolar operation for example, wherein a SET operation 
would be performed with an electric current flowing through 
a resistive change element from a bit line to word line, and 
a RESET operation would be performed with a current 
flowing from a word line to a bit line is desirable within a 
programming scheme for a particular resistive change ele 
ment technology or configuration. As resistive change ele 
ment arrays are scaled down and cell densities increased, 
these and other design requirements of the array architecture 
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200 of FIG. 2 can represent, within certain applications, 
significant limitations with respect to the both circuit design 
and Scaling. 

Referring now to FIG. 3, a third exemplary architecture 
for a resistive change element array 300 is illustrated in a 
simplified schematic diagram. Within the exemplary archi 
tecture 300, no selection devices or other current limiting 
elements are used within the resistive change element cells. 
That is, each cell is comprised only of a resistive change 
element that is accessed via two control lines (a word line 
and a bit line). 
As with the array architecture 200 detailed in FIG. 2, the 

array architecture 300 of FIG. 3 can address individual 
resistive change cells within the array by driving the word 
lines and bit lines with a specific bias. In the absence of any 
selection devices within the individual array cells (CELL00 
CELLXy), an access operation to array architecture 300 must 
provide a sufficient electrical stimulus—as required for a 
programming (SET or RESET) or READ operation to a 
selected array cell and, at the same time, prevent the other 
cells in the array from experiencing any electrical stimuli 
that would alter their stored resistive state. 

For example, to access CELL00 within array architecture 
300 of FIG. 3, a sufficient READ, SET, or RESET voltage 
(or current) is applied to WLIO while BL0 is driven to 
ground (OV). The remaining word lines (WL1-WLy) and 
the remaining bit lines (BL1-BLXI) are driven at half the 
voltage (or current) supplied to WLIO. In this way, only half 
of an applied programming or READ Voltage (or current) is 
applied to the resistive change elements within the remain 
ing cells on the selected bit line (BLO) that is, CELL01 
CELL0y—and within the remaining cells on the selected 
word line (WLO) that is, CELL10-CELLX0. That is, 
CELL01-CELL0y each see half of the applied programming 
or READ voltage on their associated word line and OV on 
their associated bit lines, and CELL10-CELLX0 see the full 
programming or READ Voltage on their associated word 
lines but only half the programming or READ Voltage on 
their associated bit line. The remaining cells in the array— 
that is, CELL11-CELLXy—are unbiased, each of those cells 
seeing half of the applied programming or READ Voltage 
(or current) on both its associated word line and on its 
associated bit line, resulting in no voltage drop or current 
flow across/through the resistive change elements in those 
cells. In this way, the applied programming or READ 
Voltage is applied only over the selected resistive change 
element SW00, and while some of the unselected cells 
within the array are partially biased during the access and 
addressing operation, the electrical stimuli applied to those 
cells is not sufficient to alter the resistive state of those cells 
or disturb the programming or READ operation being 
performed on the selected cell. 

FIG. 4 is a diagram 400 illustrating the electric currents 
through a selected cell and also the cells adjacent to a 
selected cell during a conventional static DC programming 
or READ operation performed on the 1-R resistive change 
element array of FIG. 3 (as is described with respect to FIG. 
3 above). Within the diagram 400, the selected cell 410 is 
accessed by driving a Sufficient programming (SET or 
RESET) or READ voltage (such voltage requirements deter 
mined by the specific needs of a particular application or 
type of resistive change element being used) onto WL1 and 
pulling BL1 down to ground (OV). Responsive to this 
applied electrical stimuli, a programming or READ current 
450 is generated from WL1 to BL1 through the selected 
resistive change cell 410. Additionally (as described in detail 
above with respect to FIG. 3), a voltage at half the level of 
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the voltage applied to WL1 is applied to the unselected word 
lines (WL0 and WL2) and the unselected bit lines (BL0 and 
BL2). In this way, unselected cells 421, 423, 426, and 428 
remain unbiased (each of these cells seeing half of the 
applied programming or READ Voltage on both its associ 
ated bit line and its associated word line). And unselected 
cells 422, 424, 425, and 427 become biased at half the 
Voltage applied to WL1 generating a parasitic current 460 
through those cells. As described above, with careful selec 
tion of programming Voltages, currents, and design param 
eters of the resistive change elements themselves, these 
parasitic currents 460 remain insufficient to alter the resis 
tive state of unselected cells 422, 424, 425, and 427 or to 
disturb the programming or READ operation on selected 
cell 410. 
As discussed above, the array architecture 300 detailed in 

FIG. 3 provides a circuit structure that, as with the array 
architecture 200 of FIG. 2, requires each cell be responsive 
to only two separate control lines as compared with the three 
control lines required by the array architecture 100 of FIG. 
1. Further array architecture 300 as detailed in FIG. 3 does 
not require a selection device in situ with each resistive 
change element, and array architecture 300 allows for bipo 
lar operation (that is, programming or READ currents can 
flow from word line to bit line or bit line to word line, as 
befits the needs of a specific application or a specific 
resistive change element technology). U.S. Patent Applica 
tion No. 2014 0166959 to Bertin et al. incorporated by 
reference herein in its entirety, teaches this type of archi 
tecture for a resistive change element array as describes 
Some methods (as discussed above) for programming and 
reading cells within such an array. Within US 2014 0166959, 
Bertin terms this type of resistive change element cell— 
wherein the array cell consists only of a two terminal 
resistive change element—a 1-R cell. 

This 1-R cell array architecture 300 detailed in FIG. 3 
(and discussed within Ser. No. 13/716,453 to Bertin) repre 
sents a further significant improvement and simplification 
with respect to circuit architecture and layout (as compared 
with array architectures 100 and 200 of FIGS. 1 and 2) for 
certain applications. For example, Scaling of cell size within 
array architecture 300 is limited only by the physical dimen 
sion requirements of the resistive change elements them 
selves. Further, as each array cell only includes one device 
(the resistive change element itself) and two interconnec 
tions (a bit line electrically coupled to the first terminal of 
the resistive change element a word line electrical coupled 
to the second terminal), the complexity of the resistive 
change element array is significantly reduced, providing— 
within certain applications—numerous benefits with respect 
to ease of fabrication, cost, increased ability for Scaling, and 
circuit integration. As such, the simplified array architecture 
300 as detailed in FIG. 3 (or a similar variation, such as, for 
example, the array structure shown in FIG. 5) is highly 
desirable as the state of the art continues to demand higher 
density resistive change element arrays. 

However, while array architecture 300 (and similar varia 
tions) are highly desirable within certain applications, the 
traditional static DC programming and reading methods as 
described above and detailed with respect to FIGS. 3 and 4 
(and those methods discussed in Ser. No. 13/716,453 to 
Bertin) can represent, within certain applications, limitations 
with respect to the layout and design of a resistive change 
element array. The parasitic currents 460 inherent within 
static DC programming and READ operations as described 
with respect to FIG. 4, for example, can, within certain 
applications, introduce certain design restrictions within a 
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resistive change element array. For example, such a pro 
gramming method can require, in certain applications, that 
the nominal SET and RESET resistance values used within 
a specific resistive change element be significantly far apart 
as compared with a resistive change element used within 
other architectures (100 and 200 in FIGS. 1 and 2, for 
example). Such a wide range in nominal resistance values 
could, for example, introduce physical dimension require 
ments within a nanotube fabric or a chalcogenide block used 
with the resistive change element making up the cells of the 
arrays. 

Further, in another example, the length of the bit lines and 
the word lines used within the resistive change element array 
can be, in certain applications, limited due, in part, to the 
parasitic currents 460 detailed in FIG. 4. With respect to 
READ, for example, as the number of cells (or bits) per bit 
line increases, the READ signal to the sense amplifier is 
reduced, thereby limiting the number of cells (or bits) per bit 
line to ensure Sufficient signal Voltage to the sense amplifier. 
Also, the capacitance inherent in very long array lines 
can—again, in certain applications—allow these Small cur 
rents to flow through unselected cells as the lines themselves 
charge up to their required Voltages. While these parasitic 
current values might be Small in magnitude as compared to 
a required programming current, for example, the prolonged 
current flow can, if not carefully considered within the array 
design, be enough to alter the resistance value stored in an 
unselected cell or inhibit or otherwise adversely affect a 
programming or READ operation. Such a limitation can, in 
certain applications, require bit lines and words lines to be 
limited to a certain length to reduce the number of cells and 
line capacitance. 

In another example, the access and addressing method 
detailed in FIG. 4 can, in certain applications, require higher 
SET RESET, and READ currents as compared to other 
resistive change element array architectures (100 and 200 in 
FIGS. 1 and 2, for example). Many of the parasitic currents 
460 shown in FIG. 4, for example, are driven by the same 
driver circuit, i.e.: the external circuit driving the program 
ming voltage on WL1. Within an array architecture such as 
is shown in FIG. 2, for example, only the selected cell would 
be biased and enabled, and the entire supplied current would 
flow through the selected resistive change element. How 
ever, as is shown in FIG. 4, using a traditional static DC 
programming or READ method within an array structure 
such as is shown in FIG. 3 (wherein the array cells contain 
no selection element) a Supplied programming or READ 
current is driven through not only the selected cell, but also 
many of the unselected cells on the selected bit line and the 
selected word line. As such, the effective current through a 
selected cell can be, in these certain applications, signifi 
cantly reduced as compared with other architectures. That is, 
for example, in order to provide a sufficient READ current 
as required by a certain application and resistive change 
element technology using the access and addressing method 
detailed in FIG. 4, a significantly higher READ current (or 
voltage) would need to be supplied on WL1 to account for 
the parasitic currents inherent in the access and addressing 
method. Such increased power requirements can be, in 
certain applications, undesirable. 
As described in detail above, while the 1-R resistive 

change element array architecture 300 of FIG. 3 (and similar 
variations) provides numerous benefits with respect to ease 
of design and fabrication as well as cost and Scaling con 
siderations, the static, DC programming methods as devel 
oped for other types of array architectures (such as, but not 
limited to array architectures 100 and 200 in FIGS. 1 and 2. 
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respectively) can introduce undesirable limitations which 
can limit the effectiveness of Such an array structure in 
certain applications. To this end, the present disclosure 
provides a improved access and addressing methods that are 
well suited for use with a 1-R resistive change element array 
architecture wherein no selection devices (or other current 
limiting elements) are used within the array cells (as is 
detailed in FIG. 3, for example). This improved access and 
addressing methods can be used to perform SET RESET, 
and READ operations within such architectures without 
incurring the limitations described above with respect to the 
method described in relation to FIG. 4. These access and 
addressing method will be described in detail within the 
discussion of the remaining FIGS below. 

FIG. 5 is a perspective drawing of a 3D resistive change 
element array 500. Resistive change element array 500 is 
comprised of 1-R resistive change cells arranged in three 
dimensions (along the x-, y-, and Z-axes). A first layer of bit 
lines (542a, 544a, 546a, and 548a) are disposed along the 
y-axis, and a first layer of word lines (532a, 534a, 536a, and 
538a) are disposed along the x-axis and above this first layer 
of bit lines. Between these first two layers of bit lines (542a, 
544a, 546a, and 548a) and words lines (532a, 534a, 536a, 
and 538a), a first layer of resistive change elements 510 is 
disposed, one resistive change element at each word line and 
bit line crossing. The resistive change elements are each 
comprised of a resistive change material 516 (such as, but 
not limited to, a nanotube fabric layer or a block of phase 
change material) disposed between a first conductive ele 
ment 512 and a second conductive element 514. It is 
desirable, in certain applications, to use these first and 
second conductive elements (512 and 514, respectively) to 
provide a conductive path between an array line (a word or 
bit line) and the actual resistive change material 516. How 
ever, these conductive elements (512 and 514) are not 
required in every application. For example, depending on 
the material used for the array lines, the particular material 
selected for the resistive change element 516, and the layout 
and fabrication methods being used, in certain applications 
it could be more favorable for the resistive change material 
block to connect directly to the array lines themselves. As 
Such, the inclusion of first and second conductive elements 
(512 and 514, respectively) should not be seen as limiting 
with respect to the architecture of 1-R resistive change 
element arrays. 
A second layer of bit lines (542b, 544b, 546b, and 548b) 

is disposed along the y-axis above the first layer of word 
lines. Between this second layer of bit lines (542b. 544b, 
546b, and 548b) and the first layer of words lines (532a, 
534a, 536a, and 538a), a second layer of resistive change 
elements 510 is disposed, one resistive change element at 
each word line and bit line crossing. A second layer of word 
lines (532b, 534b, 536b, and 538b) is disposed along the 
x-axis above the second layer of bits lines (542b, 544b, 
546b, and 548b), and a third layer of resistive change 
elements 510 is disposed, one resistive change element at 
each word line and bit line crossing. In this way, an array of 
forty-eight 1-R resistive change element cells is arranged 
within essentially the same cross sectional area that would 
be used for an array of only sixteen array cells within a 
traditional 2D array structure. 
A 3D array structure, as detailed in FIG. 5, is highly 

desirable in terms of Scaling and array cell density. And the 
relatively simplicity of the 1-R cell architecture (as 
described in detail with respect to FIGS. 3 and 4) is well 
suited for such a 3D structure, and provides numerous 
manufacturing and functional benefits. Further, the READ 
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and programming methods of the present disclosure are 
especially well Suited to Such a complex array structure. As 
will be discussed in detail below, the improved access and 
addressing methods of the present disclosure eliminate many 
of the design restrictions inherent in the static DC methods 
(such as are described in relation to FIG. 4 above). As such, 
in certain applications, the methods of the present disclosure 
are well Suited for use with complex array structure Such as 
is depicted in FIG. 5. 

Looking now to FIGS. 6A and 6B, two altered versions of 
the 1-R array architecture 300 detailed in FIG. 3 are illus 
trated in simplified schematic diagrams. These altered array 
architectures 601 and 602 are presented as variations on the 
array architecture 300 shown in FIG. 3 and are well suited 
for use with the improved READ methods of the present 
disclosure. Both array architecture 601 and array architec 
ture 602 are nearly identical in structure to array architecture 
300 in FIG. 3. Each of the 1-R array cells (CELL00 
CELLXy) is made up of only a single resistive change 
element (SW00-SWxy), and no in situ selection devices or 
other current limiting devices are used within the array cells. 
Each of the cells (CELL00-CELLXy) is addressed and 
accessed responsive to only two lines: a word line (WLO 
WLy) and a bit line (BLO-BLXI). 

Looking to both FIGS. 6A and 6B, a first variation is the 
addition of measurement and storage elements responsive to 
each bit line within the arrays (601 and 602, respectively). 
These measurement and storage elements are well Suited for 
use within the READ method of the present disclosure as 
discussed in detail below with respect to FIGS. 7A-7B, 
8A-8B, 9A-9D, 10A-10B, and 11A-11B. Within the exem 
plary array architecture 601 of FIG. 6A, each of these 
measurement and storage elements comprises a "data' FET 
(Q,-Q, ), which, when enabled by a control line (RD 
DATA0-RD DATAX) connects each associated bit line to 
the first input of a comparator element (U1-UX). Within the 
exemplary array architecture of FIG. 6A, a fixed reference 
voltage is provided by reference voltage generator U100 and 
Supplied to the second input of the comparator elements 
(U0-Ux) within the measurement and storage elements. 
Such a fixed reference voltage can be provided by circuit 
elements within the array circuit itself or provided by 
circuitry outside of the array as befits the needs of a 
particular application. Each of the comparator elements 
(U0-UX), selectively responsive to an associated bit line and 
the fixed reference voltage, provides a data output (D0-DX), 
which, as will be shown in detail below, within the methods 
of the present disclosure can be used to indicate the data 
value stored within a selected resistive change element on 
the bit line associated with the measurement and storage 
element. 

Looking to FIG. 6B, a second array architecture variation 
(as compared with array architecture 300 of FIG. 3) is the 
addition of reference resistive elements (Ro-R) and 
the reference word line (WL REF). Each of these reference 
resistive elements (Ro-R) has a first terminal in 
electrical communication with the reference word line (WL 
REF) and a second terminal in electrical communication 
with one of the bit lines (BLO-BLXI). In this way, each bit 
line within the array 602 is associated with a reference 
resistive element. Within the exemplary array architecture 
602 of FIG. 6B, each of the measurement and storage 
elements further comprises a “reference FET (Qo 
Q), which, when enabled by a control line (RD REF0 
RD REFX), provides a discharge path from the bit line 
associated with a measurement and storage element to a 
“reference' storage capacitor (Co-C). Further, each 
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measurement and storage element also includes a "data' 
storage capacitor (Cro-Cruz), which is used to retain 
the bit line voltage seen during the data phase of a READ 
operation (as will be explained in detail within the discus 
sion of FIG. 7B). In this way, each of the comparator 
elements (U0-Ux) of FIG. 6B is responsive to both a “data' 
storage capacitor (Cro-Court) and a “reference' storage 
capacitor (Co-C) and provides a data output (D0 
DX), which, as will be shown in detail below, within the 
methods of the present disclosure can be used to indicate the 
data value stored within a selected resistive change element 
on the bit line associated with the measurement and storage 
element. These reference resistive elements are used within 
at least one aspect of the READ methods of the present 
disclosure, and their function will be explained in detail 
within the discussion of FIGS. 7B, 9A-9D, and 11A-11B 
below. 
As will be described in more detail within the discussion 

of FIGS. 7A and 7B below, the exemplary measurement and 
storage elements can be used to measure and store the 
resulting Voltage from a discharge current driven through a 
selected cell in a first operation. In certain operations this 
stored Voltage can be then compared to a fixed reference 
voltage (as shown in FIG. 6A and described within the 
READ method of FIG. 7A) to determine the resistive state 
of a selected cell or cells. Or, in other operations a second 
process step can be used to measure and store the resulting 
Voltage from a discharge current driven through a resistive 
reference element. The two stored voltages can than be 
compared to determine the resistive state of the selected cell 
or cells (as shown in FIG. 6B and described within the 
method of FIG. 7B). Further, with a separate measurement 
and storage element responsive to each bit line, the exem 
plary array architectures 601 and 602 can be used to read 
every array cell on a selected word line simultaneously. Such 
a functionality can be highly desirable in certain applications 
where rapid data READ operations or page mode READ 
operations are required. 

It should be noted that while the exemplary array archi 
tectures 601 and 602 depict exemplary measurement and 
storage elements comprised of certain circuit elements and 
with every bit line responsive to a dedicated measurement 
and storage element, the methods of the present disclosure 
are not limited in this regard. Indeed, as will be described in 
more detail below, the methods of the present disclosure 
require only that the discharge current or Voltage resulting 
from an applied read voltage be observed and the value or 
levels temporally stored or recorded during a READ opera 
tion. The exemplary measurement and storage elements 
depicted in FIGS. 6A and 6B are intended to serve as 
non-limiting examples of an electrical circuit capable of this 
functionality. The observation, measurement, and storage of 
discharge Voltages and/or currents (or simply the values of 
those Voltages and currents) could be achieved by a great 
number of similar circuit elements and architectures. Fur 
ther, in certain applications such measurements could be 
performed outside of the array itself (via, for example, 
external measurement elements or within the power Supply 
element driving the READ voltages itself). Further still, a 
measurement and storage element according to the methods 
of the present disclosure could be multiplexed to be respon 
sive to one or more bit lines within the array, such as to 
reduce the number of measurement and storage elements 
required. 

FIGS. 7A and 7B are flow charts detailing methods 
according to the present disclosure for performing a READ 
operation on one or more cells within a resistive change 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
element array. In particular, FIG. 7A details a READ method 
wherein a READ Voltage (V) is applied to one or more 
selected cells in order to provide a READ current through 
those selected cells. This current/voltage appears on one 
terminal of the comparator element and is compared to a 
fixed voltage reference applied to the other terminal to 
determine the resistive state stored in the selected cell or 
cells in a one-step READ operation. FIG.7B details a READ 
method wherein a READ voltage (V) is applied to one or 
more selected cells in order to provide a READ current 
through those cells in a first operation (a "data READ 
phase), and then an identical READ Voltage (V) is applied 
to one or more reference resistive elements in order to 
provide a current through those elements in a second opera 
tion (a “reference’ READ phase). The current/voltage 
resulting from both of these phases (obtained in a two-step 
READ operation) is temporally stored and then compared to 
determine the resistive state of the selected cell or cells. 

In order to illustrate the READ methods of the present 
disclosure as described within FIG. 7A, FIG. 8A provides a 
simplified schematic drawing depicting Voltages applied to 
the resistive change element array architecture 601 shown in 
FIG. 6A during an exemplary READ operation method 
performed as described in FIG. 7A. And FIG. 8B is a 
reduced schematic detailing the array elements along BLI1 
during the READ operation depicted in FIG. 8A. Further, 
FIGS. 10A and 10B provide a series of waveform diagrams 
illustrating two exemplary READ operations according to 
the present disclosure as detailed in FIG. 7A. Specially, FIG. 
10A depicts a READ operation on CELL11 (as shown in 
FIGS. 6A and 8A) wherein the cell reads as a logic “1,” and 
FIG. 10B depicts a READ operation on the same cell 
wherein the cell reads as a logic “0. 

Further, in order to illustrate the READ methods of the 
present disclosure as described within FIG. 7B, FIG. 9A 
provides a simplified schematic drawing depicting Voltages 
applied to the resistive change element array architecture 
shown in FIG. 6B during the first phase (the “data READ 
phase) of the READ operation method described in FIG. 7B 
(up to process step 704b). And FIG. 9B is a reduced 
schematic detailing the array elements along BL1 during 
the process step depicted in FIG. 9A. Similarly, FIG. 9C is 
a simplified schematic drawing depicting Voltages applied to 
the resistive change element array architecture shown in 
FIG. 6B during the second phase (the “reference” READ 
phase) of the READ operation described in FIG. 7B (up to 
process step 707b). And FIG. 9D is a reduced schematic 
detailing the array elements along BL1 during the process 
step depicted in FIG.9C. FIGS. 9B and 9D are arranged to 
illustrate the bit line Voltage (V) realized during each 
phase of a READ operation preformed according to the 
method described in FIG. 7B. These bit line voltages (V) 
are temporarily stored (within Cz and C1, respec 
tively) and, within the exemplary READ operation, provided 
to the comparator element U1 to determine the state of the 
cell being READ. These bit line voltages (V) are also 
shown and calculated as the Thevenin Voltage (V) within 
FIG. 12B. Further, FIGS. 11A and 11B provide a series of 
waveform diagrams illustrating two exemplary READ 
operations according to the present disclosure as detailed in 
FIG. 7B. Specially, FIG. 11A depicts a READ operation on 
CELL11 (as shown in FIGS. 6B and 9A) wherein the cell 
reads as a logic “1,” and FIG. 11B depicts a READ operation 
on the same cell wherein the cell reads as a logic “0. 

Referring now to both FIGS. 7A and 7B, in a first process 
step 701a/701b, all bit lines and word lines (including the 
reference word line) within a resistive change element array 
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are initialized to ground (OV). In a next process step 702a/ 
702b, all of the bit lines within the array are floated, and 
those bit lines in the array associated with cells to be READ 
are each connected to a measurement and storage element. 
In a next process step 703a/703b, the selected word line— 
that is, the word line associated with the cell or cells to be 
READ is driven to the required READ voltage (V) 
while all of the unselected word lines are kept at ground 
(OV). In this way, one or more READ currents (I) are 
permitted to flow through the one or more selected cells 
within the resistive change element array from the selected 
word line to the bit line orbit lines associated with the one 
or more selected cells and through a parallel combination of 
the unselected cells on the associated bit line or bit lines to 
ground. This current path is more explicitly shown in FIGS. 
8B and 9B and described in more detail within the discus 
sion of those figures. 

In a next process step 704a/704b, the one or more 
measurement and storage elements connected to the one or 
more selected bit lines is used to observe and, in the case of 
FIG. 7B, temporally store the value of the resulting READ 
current (I) (or a Voltage level resulting from that current) 
through each of the one or more selected array cells. For 
example, within the exemplary array structure detailed in 
FIG. 6B, storage capacitors within the measurement and 
storage elements are used to temporarily store the Voltage 
resulting from the READ current (I) flowing through the 
resistive divide between the resistive value stored within a 
selected array element on a bit line and the combined 
parallel resistance of the unselected array cells on that same 
bit line. This resulting voltage value is indicative of the value 
of the READ current (I) and, in turn, the resistive value 
stored within the resistive change element within the 
selected array cell. 

Looking specifically to FIG. 7A, in process step 710a, this 
observed voltage is compared to the fixed voltage reference 
to determine the resistive state stored within the one or more 
selected array cells. As previously described, this fixed 
voltage reference can be provided through circuitry within 
the array (a band gap Voltage generator circuit located on the 
same die as the array cells, for example) or from an external 
circuit (a calibrated Voltage Supply, for example) as best 
befits the needs of a particular application. 

Looking specifically to FIG. 7B, in process step 705b all 
bit lines and word lines (including the reference word line) 
are re-initialized back to ground (OV). This completes the 
first phase (the “data READ phase) of the READ operation 
and beings the second phase (the “reference’ READ phase). 
In a next process step 706b, all of the bit lines within the 
array are again floated, and those bit lines in the array 
associated with cells to be READ are again each connected 
to a measurement and storage element. In a next process step 
707b, the reference word line—that is, the word line asso 
ciated with the reference resistance elements within the 
array—is driven to the required READ Voltage (V) while 
all of the other word lines are kept at ground (OV). In this 
way, one or more READ currents (I) are permitted to flow 
through one or more resistive reference elements within the 
resistive change element array from the reference word line 
to the bit line or bit lines associated with the one or more 
selected cells and through a parallel combination of the array 
cells on the associated bit line or bit lines to ground. 

In a next process step 708b, the one or more measurement 
and storage elements connected to the one or more selected 
bit lines is used to observe and store the value of the 
resulting READ current (I) through each of the one or 
more reference resistive elements. In a next process step 
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710b, the READ current measured and stored through the 
one or more selected array cells (within process step 704b) 
is compared to the READ current measured and stored 
through one or more reference resistance elements (within 
process step 708b) to determine the resistive state stored 
within the one or more selected array cells. 

Within the methods of the present disclosure, the refer 
ence resistance elements within the array are selected to 
have a resistance value between the nominal resistance value 
of a SET condition and the nominal resistance value of a 
RESET condition. As such, a READ current (or resulting 
voltage from an applied READ current) through a selected 
array cell that measures higher than a READ current (or 
resulting Voltage from an applied READ current) through a 
reference resistance element on the same bit line would 
indicate the selected array cell is programed with a first logic 
value (a logic “1” or a SET condition, for example). And a 
READ current (or resulting voltage from an applied READ 
current) through a selected array cell that measures lower 
than a READ current (or resulting Voltage from an applied 
READ current) through a reference resistance element on 
the same bit line would indicate the selected array cell is 
programmed with a second logic value (a logic “0” or a 
RESET condition, for example). These READ currents 
(through both selected array cells and reference resistive 
elements) realize bit line Voltages (V, as discussed in 
detail with respect to FIGS. 9B and 9D) indicative of the 
different READ current levels realized during the two 
phases of the READ operation, and, in turn, indicative of the 
different resistive values of the selected cell an reference 
resistive element. These resulting bit line Voltages can then 
be compared to determine the state of the selected cell. It 
should be noted, however, that in certain applications a 
current sensing comparator (or other type of measurement 
element) could be used. In such a case, the READ currents 
could be compared directly instead of the resulting bit line 
Voltages. 
As described above, according to certain aspects of the 

present disclosure the resistive state of a selected cell is 
determined by comparing the electrical response of a 
selected array cell to that of a reference resistive elements 
that on the same bit line as the selected cell. As such, both 
the resistive change element within the selected cell and the 
reference resistive element are subject to essentially the 
same circuit conditions (array line capacitance and imped 
ance, electrical resistance of unselected cells, leakage paths 
within the array, etc.) and the difference in electrical 
response will be largely due to the difference in electrical 
resistance between the resistive change element being 
READ and the reference resistance element. In this way, 
very small differences in current or voltage can be reliability 
and rapidly sensed without the need for additional circuit 
elements in situ with the array cells. Within certain appli 
cations, this precision can permit the use of significantly 
lower READ voltages and currents and significantly faster 
READ timing (as compared with conventional static DC 
access and addressing methods, such as are discussed, for 
example, with respect to FIGS. 1 and 2). 

It should be noted that, as discussed previously within the 
discussion of FIGS. 6A and 6B, while the exemplary mea 
Surement and storage elements depicted within the exem 
plary array architectures 601 and 602 are well suited to this 
aspect of the present disclosure, the methods of the present 
disclosure are not limited in this regard. Indeed, the READ 
method of the present disclosure only requires that the 
resulting READ current (I) or Voltage divide value be 
measured and stored during the application of the READ 
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voltage (VRD) to the selected word line. It should be noted 
that while FIGS. 6A and 6B depict a specific implementation 
of measurement and storage elements comprising Storage 
capacitors and comparator elements, the methods of the 
present disclosure are not limited in this regard. As described 
previously, the observation, measurement, and storage of 
READ voltages and/or currents (or simply the values of 
those voltages and currents)—as required by the READ 
methods detailed in FIGS. 7A and 7B could be achieved 
by a number of similar circuit elements and architectures. 
Further, in certain applications such measurements could be 
performed outside of the array itself (via, for example, 
external measurement elements or within the power Supply 
element driving the READ voltages itself). As such, the use 
of specific measurement and storage elements described 
above with respect to the READ methods of FIGS. 7A and 
7B is intended as a non-limiting example only to illustrate 
the methods of the present disclosure. 

It should also be noted that, as described above, the 
READ methods detailed in the flowcharts of FIGS. 7A and 
7B can be used to access and determine the resistive state of 
a single cell within an array or used to determine the 
resistive state of multiple cells within an array simultane 
ously. Further, while this READ methods as detailed in 
FIGS. 7A and 7B describe driving a selected word line to a 
required READ Voltage, grounding unselected word lines, 
and floating bit lines (such that one or more array cells on the 
selected word line can be read), the methods of the present 
disclosure are not limited in this regard. Indeed, the READ 
methods of the present disclosure could be employed by 
floating all of the word lines in an array, driving a selected 
bit line to a required READ Voltage, and grounding the 
unselected bit lines. Within such an operation, the measure 
ment and storage elements would be responsive to word 
lines instead of bit lines, and one or more cells on a selected 
bit line would be READ). 

Looking now to FIG. 8A, the simplified schematic dia 
gram 601 of FIG. 6A has been modified to realize schematic 
diagram 801, which illustrates the electrical stimuli applied 
to an exemplary resistive change element array during an 
exemplary READ operation performed according to FIG. 
7A. That is, during the biasing of the selected word line to 
induce a READ current (I) through one or more cells on 
the selected word line. Specifically, within FIG. 8A, WLI1 
has been selected and driven to a required READ voltage 
(V) while the remaining word lines (WLO) and WLI2 
WLy) are held at ground (OV). All of the bit lines (BLO 
BLXI) in the array are floated. In this way, a read current 
(I) is driven through each of the resistive change elements 
on WLI1 (that is, SW01-SWx1). 

Looking to FIG. 8B, the schematic diagram 801 of FIG. 
8A has been further reduced to realize schematic diagram 
802, which better illustrates the electrical stimuli applied to 
the elements on BL1 during this exemplary READ opera 
tion. As can be seen in FIG. 8B, the voltage on BL 1 (V) 
is determined by the voltage divide between the parallel 
combination of the resistive change elements within the 
unselected array cells on BL 1 (that is, SW10 and SW1y) 
with the resistance of the resistive change element within the 
selected cell on BL 1 (that is, SW11), Rs. C is 
included in the schematic drawing of FIG. 8B to represent 
the capacitance inherent on BLI1, which limits the rate at 
which the bit line can charge and, in turn, how fast a READ 
operation on CELL11 (or any cell on BL 1) can be per 
formed. However, once C has had sufficient time to 
charge, V is determined essentially by: 

EQ 1 Yet, = rD *R UNSEL/ (RS+R UNSEL) 
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And, as Rs is essentially the resistance stored within the 

selected array cell (Rs), this becomes: 
EQ 2) 

Further, Rys is essentially the parallel combination of 
the resistance stored within the unselected array cells 
(Rsullo-Rsri). Essentially: 

eL = RD *R UNSEL/(RSW1 +R UNSEL) 

EQ 3) 

Where, Re is the effective resistance of the unselected 
cells on a selected bit line, and n is the number of cells on 
a selected bit line. This effective resistance value (Re) is 
described in more detail within the discussion of FIGS. 
14A-14C. Plugging EQ 3 into EQ 2: 

Veli-VRD (Reo/n-1)/(Rsiri--(Reo (n-1)) EQ 4 

As detailed in EQ 4 above, the voltage level on V at 
this point in the READ operation is indicative of the resistive 
state stored in the selected resistive change element (Rs). 
By enabling RD DATA1, bit line BL1 is connected 
through Q, to the first input of comparator element U1 
(node V, in FIG. 8B). Then, by comparing this Voltage 
(V) to a fixed voltage reference (represented in FIG. 
8B by V) connected to the second input of comparator 
element U1, the resistive state (and, thus, the logic value) 
stored within the selected cell (SW11, in this example) can 
be determined. That is, if the Voltage level on node V, 
(applied to the first input of the comparator element U1) is 
higher than V (applied to the second input of comparator 
element U1), then the resistive state stored within CELL11 
is determined to be first logic value (for example, a logic “1” 
or a SET condition). Conversely, if the voltage level stored 
on node V, is lower than V, then the resistive stated 
stored within CELL11 is determined to be a second logic 
value (for example, a logic “0” or a RESET condition). 

Looking now to FIG. 9A, the simplified schematic dia 
gram 602 of FIG. 6B has been modified to realize schematic 
diagram 901, which illustrates the electrical stimuli applied 
to an exemplary resistive change element array during 
process step 704b of FIG. 7B. That is, during the biasing of 
the selected word line to induce a READ current (I) 
through one or more cells on the selected word line. Spe 
cifically, within FIG. 9A, WLI1 has been selected and 
driven to a required READ voltage (V) while the remain 
ing word lines (WLO) and WLI2-WLy) are held at 
ground (OV). All of the bit lines (BLO-BLXI) in the array 
are floated. In this way, a read current (I) is driven through 
each of the resistive change elements on WLI1 (that is, 
SW01-SWx1). 

Looking to FIG. 9B, the schematic diagram 901 of FIG. 
9A has been further reduced to realize schematic diagram 
902, which better illustrates the electrical stimuli applied to 
the elements on BL1 during this phase of the READ 
operation. As can be seen in FIG. 9B, the voltage on BLI1 
(V) is determined by the voltage divide between the 
parallel combination of the resistive change elements 
Rs, within the unselected array cells on BL 1 (that is, 
SW10 and SW12-SW1y) and the reference resistive element 
on BL 1 (R), with the resistance of the resistive change 
element within the selected cell on BL 1 (that is, SW11), 
Rs. C is included in the schematic drawing of FIG.9B 
to represent the capacitance inherent on BLI1, which limits 
the rate at which the bit line can charge and, in turn, how fast 
a READ operation on CELL11 (or any cell on BL 1) can be 
performed. However, once C has had sufficient time to 
charge, V is determined essentially by: 

RuNSEL -Reo/(n-1) 

EQ 5) eL = RD *R UNSEL/(RSEL+R UNSEL) 
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And, as Rs is essentially the resistance stored within the 
selected array cell (Rs), this becomes: 

EQ 6 

As detailed in EQ 6 above, the Voltage level on V at 
this point in the READ operation is indicative of the resistive 
state stored in the selected resistive change element (Rs). 
By enabling RD DATA1, the storage capacitor C is 
connected to BL1 through Q, and this voltage (V) is 
stored on C, during the remainder of the READ opera 
tion. 

Looking now to FIG. 9C, the simplified schematic dia 
gram 602 of FIG. 6B has again been modified to realize 
schematic diagram 903, which illustrates the electrical 
stimuli applied to an exemplary resistive change element 
array during process step 707b of FIG. 7B. That is, during 
the biasing of the reference word line to induce a READ 
current (I) through reference resistance elements within 
the array. Specifically, within FIG.9C, WL REF is driven to 
a required READ Voltage (V) while the remaining word 
lines (WLO-WLy) are held at ground (OV). All of the bit 
lines (BLO-BLXI) in the array are floated. In this way, a 
read current (I) is driven through each of the reference 
resistive elements within the array (that is, Reco-R). 

Looking to FIG. 9D, the schematic diagram 903 of FIG. 
9C has been further reduced to realize schematic diagram 
904, which (as with FIG. 9B) betters illustrates the electrical 
stimuli applied to the elements on BL1 during this phase 
of the READ operation. As can be seen in FIG. 9D, the 
voltage on BL 1 (V) is determined by the voltage divide 
between the parallel combination of the resistive change 
elements Rs within all the array cells (which includes 
the selected cell) on BL 1 (that is, SW10-SW1), with the 
reference resistive element on BL 1 (R), Rs. Again, 
as in FIG.9B, C, is included in the schematic drawing of 
FIG. 9D to represent the capacitance inherent on BL1. 
which limits the rate at which the bit line can charge and, in 
turn, how fast a READ operation on CELL11 (or any cell on 
BL1) can be performed. However, once C has had 
sufficient time to charge, V is again determined essen 
tially by: 

eL = RD *R UNSEL/ (Rswi +R UNSEL) 

And, as Rs is essentially the resistance of the reference 
resistive element on BL 1 (R) within this phase of the 
READ operation, this becomes: 

Yet, = rD *R UNSEL/ (RS+R UNSEL) 

As detailed in EQ 8 above, the voltage level on V at 
this point in the READ operation is indicative of the 
resistance value of R, which (as described earlier within 
the present disclosure) has been selected to fall between a 
nominal SET resistance value and a nominal RESET resis 
tance value. By enabling RD REF1, the storage capacitor 
C is connected to BL1 through Q and this Voltage 
(V) is stored on C. during the remainder of the READ 
operation. 

Within both phases of the READ operation discussed 
above (that is, the “data” phase detailed in FIGS. 9A and 9B 
and the “reference' phase detailed in FIGS. 9C and 9D), 
Rs, remains essentially constant. The resistance of the 
resistive change elements within the unselected cells on 
BL1 remains unchanged through both these phases, and, in 
turn, the parallel combination of these resistive elements 
remains the unchanged. While in the first phase of the READ 
operation (FIGS. 9A and 9B) the parallel resistance combi 
nation Rys includes R1 and in the Second phase 

eL = RD *R UNSEL/ (RREF+R UNSEL) 
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(FIGS. 9C and 9D) Rs includes Rs, within practical 
applications with large arrays of bit lines (e.g., 32, 64. 128, 
256, 512, 1024, or even greater numbers of bit lines) this 
difference is acceptable. As such, the value of Rs can be 
taken as constant for both EQ 6 and EQ 8. And the difference 
between the BL1 Voltage (V) measured and stored in 
each phase of the READ operation can be used to determine 
the resistive state (and, in turn, the logic value) stored within 
the selected array cell (CELL11). That is, if the voltage level 
stored on C, is higher than the Voltage level stored on 
C, then the resistive state stored within CELL11 is 
determined to be first logic value (for example, a logic “1” 
or a SET condition). Conversely, if the voltage level stored 
on C, is lover than the Voltage level stored on C. 
then the resistive stated sored within CELL11 is determined 
to be a second logic value (for example, a logic “0” or a 
RESET condition). 
By comparing the electrical response of a selected array 

cell to either a fixed voltage reference or to that of a 
reference element located within the same array (or circuit) 
and under the same conditions, the value stored within the 
selected cell can be, in certain applications, determined (that 
is, READ) faster and more accurately using lower Voltage 
and current READ stimuli as compared with a READ 
method that would require comparing an electrical response 
within a selected array cell to some preselected or expected 
value. This reference comparison step (process step 710a/ 
710b in FIGS. 7A and 7B) is illustrated further within the 
waveform diagrams of FIGS. 10A-10B and 11A-11B and 
described in greater detail below. 

Referring now to FIG. 10A, a series of waveform dia 
grams detail an exemplary READ operation 1001 on 
CELL11 of FIG. 6A according to the methods of the present 
disclosure as described in FIG. 7A. Within the exemplary 
READ operation 1001 of FIG. 10A, SW11 is assumed to 
have been previously programmed into a relatively low 
resistive state, corresponding to a logic “1” or a SET 
condition. 
At time index to the array lines (that is, all bit line and 

words line) are initialized to ground (OV), which corre 
sponds to process step 701a in FIG. 7A. Accordingly, the 
waveforms for WLI1 and V are both shown to be at OV. 
RD DATA1 is also held low at to disabling Q, (shown in 
FIGS. 6A, 8A, and 8B). The waveform for V, is also at 
ground (OV). The waveform for V is shown at a fixed 
voltage and remains so for the entirety of the READ 
operation. As previously discussed, the Voltage level for 
V is selected to be between the V. Voltage expected for 
a nominal SET condition and a nominal RESET condition. 
Finally, the D1 waveform shows a high impedance state, 
indicative of the comparator element (U1 in FIGS. 6A, 8A 
and 8B) being disabled. This is done within the exemplary 
READ operation of FIG. 10A to reinforce that the READ 
operation will not produce a valid data result until time index 
ts, which corresponds to process step 710a in FIG. 7A. 
At time index t (which corresponds to process steps 702a 

and 703a in FIG. 7A), the bit lines in the array are driven to 
high impedance and connected to the measurement and 
storage elements. Also at time index t, WL1, the selected 
word line for this exemplary READ operation, is driven to 
the required READ voltage (V, in FIGS. 8A and 8B). The 
unselected word lines within the array, not displayed in FIG. 
10A for the sake of clarity, remain held at ground (OV). 
Corresponding to this, within the waveform diagrams of 
FIG. 10A, at time index t WLI1 begins to charge up to the 
driven READ Voltage, and V also charges (tracking 
WLI1) to a voltage indicative of the resistance value stored 
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within SW11 (as discussed in detail with respect to FIG. 8B 
above). Also at time index t, RD DATA1 is driven high, 
enabling Q, (as shown in FIGS. 6A, 8A, and 8B) and 
allowing node VI to track along with the V. Voltage. 
And D1 remains in a high impedance state, with U1 (as 
shown in FIGS. 6A, 8A, and 8B) still disabled. 
By time index t (which corresponds to process step 704a 

in FIG. 7A), V has had sufficient time to fully charge up 
to a voltage level indicative of the resistance value stored in 
SW11, and this Voltage is provided through node V, 
(electrically connected to BL1 through Q, as shown in 
FIG. 8B) to the first input of comparator element U1 (again, 
as shown in FIG. 8B). The comparator element U1 (as 
shown in FIG. 8B) is imagined to be enabled at time index 
t, and, as such, D1 transitions to indicate a high Voltage 
level (a logic “1”), with V, (the Voltage applied to the 
first input of comparator element U1) being higher than 
V (the Voltage applied to the second input of comparator 
element U1). By time index t (which corresponds to process 
step 710a in FIG. 7A) this result is ready to be outputted 
from the array to an external control circuit (Such as, but not 
limited to, a microprocessor, microcontroller, or FGPA). By 
time index t the word lines and bit lines are returned to 
ground (OV). RD DATA1 is driven low again, comparator 
element U1 is disabled, and the READ operation is com 
plete. It should be noted that in certain applications of this 
READ method of the present disclosure (as described in 
FIG. 7A), Q, and the corresponding RD DATA1 signal 
may not be needed. Indeed, in Such an application the first 
input of comparator element U1 could be connected directly 
to BL1. and the reference Voltage transitioned to V at 
approximately the same time as bit line BL1 charges to the 
resulting V. Voltage. 
The AS discussed previously, the line capacitance of the 

BL1 (represented in FIG. 8B by C) may, in certain 
applications, limit how quickly V can charge to its full 
Voltage. It should also be noted that, in certain applications, 
the line capacitance on WLI1 can also be a factor in this 
charging time. Also, depending on the type and implemen 
tation of the measurement and storage element used, addi 
tional time may be required for the Voltage on V to be 
measured and/or stored once V has reached its full 
voltage. The waveforms of FIG. 10A have been rendered to 
illustrate these possible timing requirements (as indicated by 
the ramp up curves on WLI1. V1, and Viz between 
time indexes t and t) to better illustrate the methods of the 
present disclosure. However, these exemplary RC timing 
delays and transient AC characteristics should not be seen as 
limiting to the methods of the present disclosure. Further, the 
design and architecture of a resistive change element array 
may be selected, in certain applications, to limit or otherwise 
control the electrical characteristics responsible for these 
timing requirements in order to better execute the methods 
of the present disclosure. 

Referring now to FIG. 10B, a series of waveform dia 
grams detail another exemplary READ operation 1002 on 
CELL11 of FIG. 6A according to the methods of the present 
disclosure as described in FIG. 7A. Within the exemplary 
READ operation 1002 of FIG. 10B, SW11 is assumed to 
have been previously programmed into a relatively high 
resistive state, corresponding to a logic “0” or a RESET 
condition. This second exemplary READ operation 1002 is 
essentially identical to the first READ operation 1001 
detailed in FIG. 10A with the exception that it will READ 
out a logic “0” instead of a logic “1.” 
As explained in more detail within the discussion of FIG. 

10A above, within the second exemplary READ operation 
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1002 detailed in FIG. 10B at time index to (which corre 
sponds to process step 701a in FIG. 7A) all of the array lines 
are initialized to ground (OV). At time index t (which 
corresponds to process steps 702a and 703a in FIG. 7A), all 
of the bit lines within the array are floated and connected to 
measurement and storage elements, the selected word line 
(WL1) is driven to the READ voltage, and RD DATA1 is 
enabled (enabling Q, and connected node VI to 
BLI1), as shown in FIG. 8B). By time index t (which 
corresponds to process step 704a in FIG. 7A), the voltage 
level on V (which is indicative of the resistive state stored 
in SW11) has had time to sufficiently charge and the 
comparator element U1 can be enabled. As described in 
more detail with respect to FIG. 10A, as the voltage on 
Viz is lower than V, D1 drives low, indicating that 
SW11 is in a RESET condition (or is programmed with logic 
“0”). 
At time index t (which corresponds to process step 710a 

in FIG. 7A) this data output (the logic “0” value shown on 
the waveform for D1) is ready to be outputted from the array 
to an external control circuit (Such as, but not limited to, a 
microprocessor, microcontroller, or FGPA). By time index 
t, the word lines and bit lines are returned to ground (OV), 
RD DATA1 is driven low again, comparator element U1 is 
disabled, and the READ operation is complete. 

Referring now to FIG. 11A, a series of waveform dia 
grams detail an exemplary READ operation 1101 on 
CELL11 of FIG. 6B according to the methods of the present 
disclosure as described in FIG. 7B. Within the exemplary 
READ operation 1101 of FIG. 11A, SW11 is assumed to 
have been previously programmed into a relatively low 
resistive state, corresponding to a logic “1” or a SET 
condition. 
At time index to the array lines (that is all bit line and 

words line, including the reference word line) are initialized 
to ground (OV), which corresponds to process step 701b in 
FIG. 7B. Accordingly, the waveforms for WLI1), WL REF, 
and V are all shown to be at OV. RD DATA1 and 
RD REF1 are also held low at to disabling Q, and Q. 
(shown in FIGS. 6B and 9A-9D). The waveforms for C, 
and C are also at ground (OV), indicating that those 
storage capacitors are discharged prior to the start of the 
READ operation. Finally, the D1 waveform shows a high 
impedance state, indicative of the comparator element (U1 
in FIGS. 6B and 9A-9D) being disabled. This is done within 
the exemplary READ operation of FIG. 11A to reinforce that 
the READ operation will not produce a valid data result until 
time index to which corresponds to process step 710b in 
FIG. 7. 
At time index t (which corresponds to process steps 702b 

and 703b in FIG. 7B), the bit lines in the array are driven to 
high impedance and connected to the measurement and 
storage elements. Also at time index t, WL1, the selected 
word line for this exemplary READ operation, is driven to 
the required READ voltage (V, in FIGS. 9A-9D). 
WL REF (as well as the other unselected word lines within 
the array, not displayed in FIG. 11A for the sake of clarity) 
remain held at ground (OV). Corresponding to this, within 
the waveform diagrams of FIG. 11A, at time index t WLI1 
begins to charge up to the driven READ Voltage, and V. 
also charges (tracking WLI1) to a Voltage indicative of the 
resistance value stored within SW11 (as discussed in detail 
with respect to FIG.9B above). WL REF remains at ground 
(OV). RD DATA1 is driven high, enabling Q, (as shown in 
FIGS. 6B, 9A-9D) and allowing C, to charge up to the 
V. Voltage. RD REF1 remains held low, keeping Q 
(as shown in FIGS. 6B and 9A-9D) disabled and C. 
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electrically isolated from V. AS Such, the waveform for 
C. remains at OV. And D1 remains in a high impedance 
state, with U1 (as shown in FIGS. 6 and 9A-9D) still 
disabled. 
By time index t (which corresponds to process step 704b 

in FIG. 7B), V, and C, have had sufficient time to 
fully charge up to a Voltage level indicative of the resistance 
value stored in SW11, and RD DATA1 is driven back low, 
electrically isolating C, from BL 1 (as shown in FIGS. 
6B and 9A-9D). As indicated within the waveform diagrams 
of FIG. 11A, the voltage level of V at this point in the 
READ operation (time index t) is retained on C, for the 
remainder of the READ operation. As discussed previously, 
the line capacitance of the BL 1 (represented in FIGS. 9B 
and 9D by C) may, in certain applications, limit how 
quickly V can charge to its full voltage. It should also be 
noted that, in certain applications, the line capacitance on 
WLI1 can also be a factor in this charging time. Also, 
depending on the type and implementation of the measure 
ment and storage element used, additional time may be 
required for the Voltage on V to be measured and/or 
stored once V has reached its full Voltage. 

For example, using the exemplary measurement and 
storage elements shown within the exemplary array structure 
of FIG. 6B (and subsequently shown in FIGS. 9A-9D), the 
storage capacitor C.7 may take additional time to charge 
up to the full V. voltage. The waveforms of FIG. 11A have 
been rendered to illustrate these possible timing require 
ments (as indicated by the ramp up curves on WL1, VA, 
and C, between time indexes t and t) to better illus 
trate the methods of the present disclosure. However, these 
exemplary RC timing delays and transient AC characteris 
tics should not be seen as limiting to the methods of the 
present disclosure. Further, the design and architecture of a 
resistive change element array may be selected, in certain 
applications, to limit or otherwise control the electrical 
characteristics responsible for these timing requirements in 
order to better execute the methods of the present disclosure. 

At time index t (which corresponds to process step 705b 
in FIG. 7B), the bit lines and word lines in the array 
(including the reference word line) are reinitialized back to 
ground (OV). Accordingly, the waveforms for WLI1, 
WL REF, and V are all shown to return back to OV. At 
time index t (which corresponds to process steps 706b and 
707b in FIG. 7B), the bit lines in the array are again driven 
to high impedance and connected to the measurement and 
storage elements. Also at time index t WL REF, the 
reference word line, is driven to the required READ voltage 
(V, in FIGS. 6B and 9A-9D). WLI1 (as well as all the 
other word lines within the array, not displayed in FIG. 11A 
for the sake of clarity) remains held at ground (OV). Cor 
responding to this, within the waveform diagrams of FIG. 
11A, at time index t WL REF begins to charge up to the 
driven READ Voltage, and V, also charges (tracking 
WL REF) to a voltage indicative of the resistance value of 
the reference resistive element R. (as discussed in detail 
with respect to FIG. 9D above). WLI1 remains at ground 
(OV). RD REF1 is driven high, enabling Q (as shown in 
FIGS. 6B and 9A-9D) and allowing C to charge up to 
the V. Voltage. RD DATA1 remains held low, keeping 
Q, (as shown in FIGS. 6B and 9A-9D) disabled and 
Court electrically isolated from Vol. As such, Court 
remains undisturbed and continues to retain the Voltage 
measured at time index t (which will be used at time index 
to to determine the resistive state stored within the selected 
cell, CELL11). And D1 remains in a high impedance state, 
with U1 (as shown in FIGS. 6B, 9A-9D) still disabled. 
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By time index t (which corresponds to process step 708b 

in FIG. 7B), V and Chave had sufficient time to fully 
charge up to a Voltage level indicative of the resistance value 
of R, and RD REF1 is driven back low, electrically 
isolating C. from BL 1 (as shown in FIGS. 6B and 
9A-9D). As indicated within the waveform diagrams of FIG. 
11A, the voltage level of V at this point in the READ 
operation (time index ts) is retained on C for the 
remainder of the READ operation. Again, as discussed with 
respect to time indext, array line capacitance, transient AC 
characteristics of the array, and features of the measurement 
and storage elements used within the READ operation may 
affect the time required to fully charge BL1 and C. As 
such, the waveforms of FIG. 11A have again been rendered 
to illustrate these possible timing requirements within the 
array (as indicated by the ramp up curves on WL REF, 
V, and C between time indexes t and ts) to better 
illustrate the methods of the present disclosure. As before, 
these exemplary RC timing delays and transient AC char 
acteristics should not be seen as limiting to the methods of 
the present disclosure. 
At time index t (which corresponds to process step 710b 

in FIG. 7B) the Voltages stored on C, and C are 
compared to determine the resistive state stored within 
SW11 and complete the READ operation. Within the exem 
plary operation detailed by the waveforms of FIG. 11A, the 
comparator element (U1 in FIGS. 6B and 9A-9D) is 
enabled. As the voltage on C, is higher than the Voltage 
stored on C, D1 drives high, indicating that SW11 is in 
a SET condition (or a programmed with logic “1”). At time 
index tz, this data output is ready to be outputted from the 
array to an external control circuit (Such as, but not limited 
to, a microprocessor, microcontroller, or FGPA), and the 
READ operation is complete. 

Referring now to FIG. 11B, a series of waveform dia 
grams detail another exemplary READ operation 1102 on 
CELL11 of FIG. 6B according to the methods of the present 
disclosure as described in FIG. 7B. Within the exemplary 
READ operation 1102 of FIG. 11B, SW11 is assumed to 
have been previously programmed into a relatively high 
resistive state, corresponding to a logic “0” or a RESET 
condition. This exemplary READ operation 1102 is essen 
tially identical to the READ operation 1101 detailed in FIG. 
11A with the exception that it will READ out a logic “0” 
instead of a logic “1.” 
As explained in more detail within the discussion of FIG. 

11A above, within the second exemplary READ operation 
1102 detailed in FIG. 10B at time index to (which corre 
sponds to process step 701b in FIG. 7B) all of the array lines 
are initialized to ground (OV). At time index t (which 
corresponds to process steps 702b and 703b in FIG. 7B), all 
of the bit lines within the array are floated and connected to 
measurement and storage elements, and the selected word 
line (WL1) is driven to the READ voltage. At time index 
t (which corresponds to process step 704b in FIG. 7B). 
RD DATA1 is enabled, and the voltage level on V, 
(which is indicative of the resistive state stored in SW11) is 
stored on C. At time index t (which corresponds to 
process step 705b in FIG. 7B) all the array lines are 
reinitialized to ground (OV). At time index t (which corre 
sponds to process steps 706b and 707b in FIG. 7B), all of the 
bit lines within the array are again floated, all of the word 
lines within the array are pulled to ground (OV), and the 
reference word line (WL REF) is driven to the READ 
Voltage. At time indexts (which corresponds to process step 
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708b in FIG.7B), RD REF1 is enabled and the voltage level 
on V (which is indicative of the resistive value of Rs) 
is stored on Crer. 

At time index t (which corresponds to process step 710 
in FIG. 7B) the Voltages stored on C, and C. are 
compared to determine the resistive state stored within 
SW11 and complete the READ operation. Within the exem 
plary READ operation detailed by the waveforms of FIG. 
11B, the comparator element (U1 in FIGS. 6, 8A, 8B, 9A, 
and 9B) is enabled. As the Voltage on C, is lower than 
the Voltage stored on C, D1 drives low, indicating that 
SW11 is in a RESET condition (or is programmed with logic 
“0”). At time index tz, this data output is ready to be 
outputted from the array to an external control circuit (Such 
as, but not limited to, a microprocessor, microcontroller, or 
FGPA), and the READ operation is complete. 

It should be noted that while FIGS. 10A-10B and 11 A 
10B depict series of waveforms performing exemplary 
READ operations on a single array cell on a single bit line 
within a resistive change element array, the methods of the 
present disclosure are not limited in this regard. Indeed, the 
waveforms of FIGS. 10A-10B and 11A-11B are intended to 
be illustrative of the electrical response on an exemplary 
single bit line during a multi-cell READ operation. Within 
certain applications, every bit line within an array could be 
READ simultaneously, each bit line responsive to a series of 
waveforms analogous to those shown in FIGS. 10A-10B and 
11A-11B. In this way, the READ method of the present 
disclosure can be used to rapidly and efficiently output large 
amounts of data from a resistive change element array. The 
READ methods of the present disclosure, as detailed in 
FIGS. 7A and 7B and discussed and demonstrated with 
respect to FIGS. 8A-8B, 9A-9D, 10A-10B, and 11A-11B, 
are well suited for performing a READ operation on a single 
cell within an array, on a Subset of cells within an array 
simultaneously, or on every cell on a selected word line 
simultaneously as befits the requirements of a specific 
application. 

FIGS. 12A and 12B are Thevenin equivalent circuits 
(1201 and 1202, respectively) for the reduced schematics of 
FIG. 8B (FIG. 12A) and FIGS.9B and 9D (FIG.12B). These 
Thevenin equivalent circuits will be referenced within the 
discussion of the exemplary 1-R resistive change element 
array configurations and READ operation examples detailed 
in FIGS. 14 and 15A-15C. These array configurations and 
READ operation examples are presented in order to illus 
trate Voltage and timing requirements for READ operation 
performed according to the methods of the present disclo 
sure as detailed in FIGS. 7A and 7B. As previously discussed 
with respect to FIGS. 8B, 9B, and 9D, within both FIGS. 
12A and 12B, V is given by: 

Vitr Vezird (RUNSEL)/(RSEL+RUNSEI) EQ 9 

And R is given by: 
1/R TH-1/Rsel-1/RUNSEL 

RTH (RSELRUNSEL)/(RSEL+RUNSEI) EQ 10 

Specifically looking to FIG. 12A and referring back to 
schematic 802 of FIG. 8B, R is the parallel combina 
tion of the effective resistance of the unselected cells on the 
selected bit line (essentially, Reo/(n-1), as described previ 
ously), and Rs is the resistance of the selected cell. With 
respect to FIG. 12B, when used to represent the schematic 
of FIG. 9B. R is the parallel combination of the 
effective resistance of the unselected cells on the selected bit 
line (again, essentially, Reo/(n-1) as discussed above) in 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

34 
further combination the reference resistance element on the 
selected bit line, and Rs is the resistance of the selected 
cell. And when used to represent the schematic of FIG. 9D. 
Rs is the parallel combination of the effective resistance 
of all the cells on the selected bit line (both the unselected 
cells and the selected cell), and Rs is the resistance of the 
reference resistive element. These equations and calcula 
tions will be used and described in more detail within the 
discussions of FIGS. 14 and 15A-15C below. 

FIGS. 14 and 15A-15C are tables detailing resulting 
minimum READ voltages from several exemplary READ 
operations performed on specific exemplary resistive change 
element array configurations. Specially, the resistive change 
element arrays used to produce the V, Voltages for FIGS. 
14 and 15A-15C use two-terminal nanotube switching 
devices as described in U.S. Pat. No. 7,781,862 to Bertin et 
al. (incorporated herein by reference in its entirety). Two 
terminal nanotube Switching devices in a cross point array 
configuration are illustrated in U.S. Pat. No. 7,835,170 to 
Bertin et al. (incorporated herein by reference in its entirety). 
These two terminal nanotube Switching devices have a 
vertical orientation. Two-terminal nanotube Switching 
devices as well as 1-R arrays of such devices are further 
described in U.S. Patent Publication No. 2014 0166959 to 
Bertin et al. (incorporated herein by reference in its entirety). 
US 2014 0166959 also describes examples of two-terminal 
nanotube Switching elements that exhibit a non-linear resis 
tive response. Within certain applications, the selective use 
of non-linear and linear resistive change elements within a 
1-R array of resistive change elements can be a key design 
parameter with respect to the application of the READ 
methods of the present disclosure (as described in FIGS. 6A 
and 6B). To illustrate this, the exemplary resistive change 
element configurations detailed in FIGS. 14 and 15A-15C 
include linear resistive change elements, non-linear change 
elements, and 2x non-linear change elements (that is, 
resistive change elements with twice the “non-linearity of 
previously discussed devices). The non-linearity of a resis 
tive change element is explained further with respect to FIG. 
13. 

FIG. 13 is a semi-log plot 1300 of an I-V sweep of an 
exemplary non-linear resistive change element. As shown in 
the plot 1300, in response to an applied voltage of 0.5V, the 
exemplary non-linear resistive change element permits a 
current on the order of 100 na, corresponding to an effective 
resistance on the order of 5 MS2. However, at a voltage of 
1.0V, the exemplary non-linear resistive change element 
permits a current on the order of 1 JLA, corresponding to an 
effective resistance on the order of 1 MS2. Similarly, in 
response to an applied voltage of -0.5V, the exemplary 
non-linear resistive change element permits a current on the 
order of 30 na, corresponding to an effective resistance on 
the order of 16 MS2. And at a voltage of -1.0V, the 
exemplary non-linear resistive change element permits a 
current on the order of 200 na, corresponding to an effective 
resistance on the order of 5 MS2. That is, for a non-linear 
resistive change element (such as will be used in the 
exemplary READ operations detailed in FIGS. 14 and 
15A-15C), as the voltage driven across the element is 
reduced, the effective resistance of that element is increased. 
For example, as seen in I-V plot 1300, reducing the voltage 
across a non-linear resistive change element from 1.0V to 
0.5V increases the effective resistance of the element by a 
factor of five. And reducing the Voltage across the same 
non-linear resistive change element from -1.0V to -0.5V 
increases the effective resistance of the element by a factor 
of three. For purposes of calculating the effects of CNT 
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Switch resistance non-linearity on cross point array READ 
performance, the measured CNT switch nonlinearity illus 
trated by plot 1300 shown in FIG. 13 is used as a first CNT 
switch example. A READ voltage (V) of 1V and a CNT 
Switch resistance nonlinearity of 3x are used based on plot 
1300. The bit line voltage (V) signal to a comparator 
element input is calculated as described further below. Also, 
as a second CNT Switch resistance nonlinearity example, 
READ voltage with V of 1V and a nonlinearity of 6x is 
used, assuming a CNT switch resistance nonlinearity 2x 
greater than assumed in the first example, to calculate the bit 
line Voltage V to a comparator element input as described 
further below. As will be shown within the discussions of 
FIGS. 14 and 15A-15C, such a non-linear resistive response 
within a resistive change element can be used effectively, 
within certain applications, with the READ methods of the 
present disclosure (as described in FIGS. 7A and 7B). 

FIG. 14 is a table 1400 summarizing the smallest READ 
signals possible for a number of exemplary 1-R resistive 
change element array configurations when applying the 
READ methods of the present disclosure as described in 
FIGS. 7A and 7B.. As will be explained in detail below, each 
of these smallest READ signal values correspond to the 
smallest signal (for both a SET or RESET condition) that 
would be seen by a measurement and storage element (as 
described with respect to FIGS. 6A and 6B) for a given array 
configuration (each row of the table) with a given number of 
cells per bit line (each column of the table). By examining 
these minimum READ voltage values as the number of cells 
per bit line is increased, the effectiveness of the READ 
methods of present disclosure (as shown in FIGS. 7A and 
7B) for different exemplary array configurations can be 
examined. 
The exemplary READ operations summarized in FIG. 14 

are intended to illustrate both the fixed reference voltage 
READ method (as described in FIG. 7A) and the reference 
resistive element READ method (as described in FIG. 7B) 
performed on 1-R arrays of linear resistive change elements 
and non-linear resistive change elements. To this end, the 
first row 1401 details an array configuration with linear 
resistive change elements and using a fixed voltage refer 
ence (as shown in FIG. 6A), and the second row 1402 details 
an array configuration with linear resistive change elements 
and using an array reference line with resistive reference 
elements (as shown in FIG. 6B). The third row 1403 details 
an array configuration with non-linear resistive change ele 
ments and using a fixed voltage reference (as shown in FIG. 
6A), and the fourth row 1404 details an array configuration 
with non-linear resistive change elements using an array an 
array reference line with resistive reference elements (as 
shown in FIG. 6B). And the fifth row 1405 details an array 
configuration with 2x non-linear resistive change elements 
using an array an array reference line with resistive reference 
elements (as shown in FIG. 6B). 
As explained above with respect to FIG. 13, the non 

linearity of the resistive change elements within the exem 
plary array configurations of rows 1403 and 1404 is imag 
ined to increase the effective resistance of a resistive change 
element by a factor of 3x under relatively small voltages. 
Similarly, the non-linearity of the resistive change elements 
with the configuration array configuration of row 1405 is 
imagined to increase the effective resistance of a resistive 
change element by a factor of 6x under relatively small 
Voltages. The linear resistive change elements of the exem 
plary array configurations of rows 1401 and 1402 are 
imagined to exhibit the same effective resistance regardless 
of the voltage levels applied. 
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Within the exemplary array configurations of FIG. 14, the 

exemplary 1-R arrays are imagined to be comprised of 
resistive change elements that can be adjusted between two 
non-volatile resistive states: a RESET state with a nominal 
high resistance value R–20 MS2, and a SET state with a 
nominal low resistance value R=1 MS2. The applied READ 
voltage (V, in FIGS. 7A, 7B, 8A, 8B, and 9A-9D) is 
imagined to be 1 V. For the exemplary array configurations 
of rows 1402, 1404, and 1404 (which use an array reference 
line and reference resistive elements, as shown in FIGS. 6B 
and 9A-9D), the resistive reference elements are imagined to 
R-2 MS2. As will be discussed in more detail below with 
respect to FIG. 15A, for the exemplary array configuration 
of row 1403 (which uses a fixed array reference voltage, as 
shown in FIGS. 6A and 8A-8B), the value of the reference 
voltage (V) is selected based on the needs of a specific 
configuration. Minimum possible READ signal values for 
each exemplary array configuration (1401-1405) are shown 
for several bit line configurations (16 cells per bit line 
through 1024 cells per bit line) in each of the columns of 
FIG 14. 

It should be noted that for the exemplary array configu 
ration 1405 illustrated in FIG. 14, for a nominal RESET high 
resistance state R-2 MS2, a nominal low resistance State of 
R=100 kS2, and a reference resistance value R-200 kS2, 
essentially the same minimum READ signal values were 
calculated as shown in Table 1400, exemplary array con 
figuration 1405. Thus is appears that maintaining the ratios 
R/R-20 and R/R 2 at the same nonlinearity results in 
the same minimum READ Voltages even though R. R., and 
R resistance values were reduced by a factor of 10. This 
result shows that array elements can be selected over a broad 
range of resistance values if nonlinearity and resistance 
ratios are maintained, resulting in flexibility in the design of 
1-R arrays. For example, as described further below, when 
programming a low resistance SET state with a SET Voltage 
of 2V, a low resistance state value of R=1 MS2 results in a 
maximum SET current of 2 uA. However, if the low 
resistance state value is R=100 kS2 instead, then the maxi 
mum SET current is 20 uA, a value ten times greater. 

It should be noted that the specific 1-R array configura 
tions and the resistive change elements used within those 
arrays are intended as non-limiting examples only. As pre 
viously discussed, the READ methods of the present dis 
closure are well suited for use with a plurality of 1-R array 
configurations and types and implementations of resistive 
change elements. As such, the READ methods of the present 
disclosure should not be limited to the examples detailed 
within FIGS. 14 and 15A-15C. 

Within FIG. 14 (as well as FIGS. 15A-15C, discussed 
further below), the smallest READ signal values for each 
exemplary array configuration are calculated using the sim 
plified schematic of FIG. 8B and EQ. 4 (for rows 1401 and 
1403) and the simplified schematics of FIGS.9B and 9D and 
EQ. 6 and EQ. 8 (for the exemplary arrays of rows 1402, 
1404, and 1405) as described above. 

Looking to row 1401 of FIG. 14, the smallest READ 
signals resulting from a READ operation according to the 
methods of the present disclosure performed on an array of 
linear resistive change elements using a fixed voltage ref 
erence (along with the parameters described above) are 
listed. As described above, these values are calculated using 
EQ. 4 as described with respect to FIG.8B above. Within the 
exemplary array configurations of row 1401, the resistive 
change elements are imagined to be linear—that is, the 
effective resistance of the unselected resistive change ele 
ments is assumed to remain constant regardless of the 
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voltage applied. As such, the highest possible value for Red 
(the effective resistance of the unselected cells on the 
selected bit line) is the nominal RESET resistance (essen 
tially, as if all of the unselected cells on the selected bit line 
were in a RESET state R). And the lowest possible value 
for Reo is the nominal SET resistance (essentially, as if all 
of the unselected cells on the selected bit line were in a 

RESET state R,). As such, the actual value for Reo for any 
READ operation will fall between these two limits. And, 
plugging into EQ 4 (as discussed above), the possible V. 
range limits can be found as a function of “n,” the number 
of cells on a bit line. 

Thus, the maximum V value for the array configura 
tions of row 1401 when the Selected cell is in a RESET 
condition (that is, Rs. 20 MS2) is given by assuming 
Re 20 MS2 (the nominal RESET value): 

And the minimum V value for the array configurations 
of row 1401 when the selected cell is in a RESET condition 
(that is, Rs. 20 MS2) is given by assuming Rec 1 MS2 (the 
nominal SET value): 

Similarly, the maximum V value for the array configu 
rations of FIG. 14A when the selected cell is in a SET 
condition (that is, Rs 1 MS2) is given by assuming 
Re 20 MS2 (the nominal RESET value): 

And the minimum V value for the array configurations 
of FIG. 14A when the selected cell is in a SET condition 
(that is, Rs. 1 MS2) is given by assuming Rec-1 MS2 (the 
nominal SET value): 

By comparing EQ 14 and EQ 11, the margin between a 
SET and RESET read operation—that is, the difference 
between the lowest V value possible when reading a 
selected cell in a SET condition (EQ. 14) and the highest 
V value possible when reading a selected cell in a RESET 
condition (EQ. 11)—can be calculated. Since EQ. 11 and EQ 
14 result in the same V value for any value of n, the margin 
for this configuration (linear array cells using a fixed voltage 
reference and the READ method as described by FIG. 7A) 
is OV for all values of n. As such, the smallest READ signal 
for the configuration of row 1401 is +OV. Essentially, this 
result shows that using fixed voltage reference READ 
method of the present disclosure (as described in FIG. 7A) 
on arrays of linear elements (within the exemplary param 
eters defined above) could result in the possible inability to 
differentiate between a cell in a SET state and a cell in a 
RESET state within the extreme cases outlined above (i.e., 
all unselected cells either RESET or SET). As will be shown 
within the discussion of the exemplary array configuration 
of row 1403, this limitation can be improved with the use of 
non-linear resistive elements. Further, as will be shown 
within the discussion of the exemplary array configuration 
of row 1402, it will be shown that the reference resistive 
element READ method of the present disclosure (as detailed 
in FIG. 7B) can be used within similar 1-R array configu 
rations to perform a READ operation on linear resistive 
change elements. 

Looking to row 1403 of FIG. 14, the smallest READ 
signals resulting from a READ operation according to the 
methods of the present disclosure performed on an array of 
non-linear resistive change elements using a fixed voltage 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

38 
reference (along with the parameters described above) are 
listed. As described above, these values are calculated using 
EQ. 4 as described with respect to FIG.8B above. Within the 
exemplary array configurations of row 1403, the resistive 
change elements are imagined to be non-linear, and the 
effective resistance of the unselected resistive change ele 
ments is assumed to increase by a factor of 3x for relatively 
Small Voltages (as shown in FIG. 13). That is, as V is 
expected to be significantly less than V for all READ 
operations, the Voltage drop across the unselected resistive 
elements can be assumed to be significantly less that the 
Voltage drop across the selected resistive change element. 
As such, the lowest possible value for Reo (the effective 

resistance of the unselected cells on the selected bit line) can 
be assumed to be significantly higher as compared with the 
linear resistive change element array case described with 
respect to the exemplary configurations of row 1401 of FIG. 
14. That is, the comparatively lower V. Voltages across the 
unselected cells result in a significantly higher effective 
resistance value for those cells (again, as discussed with 
respect to FIG. 13 above). Thus, within the exemplary 1-R 
array configurations row 1403, it is assumed that the lowest 
possible value for Reis 3 MC2, three times the nominal SET 
resistance value. And the highest possible value for Red 
remains 20 MS2, the nominal RESET resistance value. As 
described within the discussion of row 1401, the actual value 
for Reo for any READ operation performed with the array 
configurations of row 1403 will fall between these two 
limits. And, again plugging into EQ 4 (as discussed above), 
the possible V, range limits can be found as a function of 
“n,” the number of cells on a bit line. 

Thus, the minimum V value for the array configurations 
of row 1403 when the Selected cell is in a RESET condition 
(that is, Rs. 20 MS2) is given by assuming Reo 3 MS2 
(three times the nominal SET value): 

And the minimum V value for the array configurations 
of FIG. 14B when the selected cell is in a SET condition 
(that is, Rs. 1 MS2) is given by assuming Rec 3 MS2 
(again, three times the nominal SET value): 

And the maximum V values for the array configurations 
of row 1403 when the Selected cell is in a RESET or SET 
condition remains unchanged from the conditions of row 
1401 (with Re, still set at 20 MS2 for those cases), and those 
values are still given by EQ 11 and EQ 13, respectively. By 
comparing EQ 16 and EQ 11, the margin between a SET and 
RESET read operation that is, the difference between the 
lowest V value possible when reading a selected cell in a 
SET condition (EQ. 16) and the highest V value possible 
when reading a selected cell in a RESET condition (EQ. 
11)—can be calculated. In this way, the Smallest margin (or 
smallest delta voltage) between a SET state and a RESET 
state can be determined and used, for example, to select a 
value for the fixed voltage reference (V in FIGS. 6A, 8A, 
and 8B) used within the READ operation as well as the 
resolution and sensitivity of a measurement and storage 
element (as shown in FIGS. 6A and 8A, for example). 

Looking now to FIG. 15A, a table 1501 listing these 
values for the array configurations of row 1403 of FIG. 14 
is shown. For example, for Such an exemplary configuration 
using 32 cells per bit line, the Smallest margin between a 
SET and RESET read operation is calculated to be 57 mV. 
with a lowest possible V on a SET condition at 88 mV and 
a highest possible V on a RESET condition at 31 mV. 
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Within such parameters, for example, a fixed reference 
voltage (V) could be supplied at 60 mV (as shown in 
table 1501), resulting in a smallest READ signal for a 
RESET cell to be -29 mV and a smallest READ signal for 
a SET cell to be +28 mV. As such, a measurement and 
storage element with an effective resolution of at +20 mV 
would be well suited for use with the fixed voltage reference 
READ method of the present disclosure for the exemplary 
array configuration defined for row 1403 of FIG. 14. Using 
a similar analysis, for the 64 cell per bit line case a fixed 
reference Voltage (V) could be supplied at 30 mV and 
used with a measurement and storage element with a reso 
lution of +15 mV. And so on, for the other cases within table 
1501, which correspond to the minimum READ signal 
values listed in row 1403 of FIG. 14. 

Looking to rows 1402, 1404, and 1405 of FIG. 14, the 
smallest READ signals resulting from a READ operation 
using the reference resistive element method of the present 
disclosure (as detailed in FIG. 7B) on exemplary are con 
figurations (as described above) are listed. As described 
above, these values are calculated using EQ. 6 and EQ 8 as 
described with respect to FIGS. 9B and 9D above to 
determine the expected V values (for fixed values of Re) 
during both the “data phase and “reference' phase of the 
reference resistive element READ method of the present 
disclosure (as detailed in FIG. 7B). Applying those array 
parameters to EQ 6 (as discussed above with respect to FIG. 
9B), the expected V value during the "data' phase of a 
READ operation on a selected cell in a RESET condition is 
given by: 

Val-RNSEL/(20 Mg2+RNSEI) EQ 17 

And the expected V value during the “data' phase of a 
READ operation on a selected cell in a SET condition is 
given by: 

Yet, RNSEL/(1 Mg2+RUNSEI) EQ 18. 

As discussed above with respect to FIG.9B, for both EQ 
17 and EQ 18. Rys is given by: 

Similarly, by applying the above discussed exemplary 
array parameters to EQ 8 (as discussed above with respect 
to FIG. 9D), the expected V value during the “reference' 
phase of a READ operation on a selected cell in both a 
RESET and SET condition is given by: 

Yet, RNSEL/(2 Mg2+RUNSEI) EQ 20 

Further, as discussed above with respect to FIG. 9D, 
during a “reference' phase of a READ operation on selected 
cell in a RESET condition, R is given by: 

EQ 21 

As the resistance of the selected cell (Rs-s) is now a 
factor in determining Rys, the possible non-linear resis 
tive response of the selected cell (within the configurations 
of rows 1404 and 1405, for example) must be accounted for. 
As such, during a “reference' phase of a READ operation on 
selected cell in a SET condition, Rys is given by: 

Runset (1/(Rsysel)+(n-1)/Reo) EQ 22 

Wherein Rs would be 1 MS2 for a linear device, 3 
MS2 for a non-linear device, and 6 MS2 for a 2x non-linear 
device (as described with respect to FIG. 13). 

Looking back now to row 1402 of table 1400, the exem 
plary array configurations within that row are comprised of 
linear resistive change elements. That is, the effective resis 
tance of the resistive change elements is assumed to remain 
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constant regardless of the Voltage applied. As such, the 
highest possible value for Reo (the effective resistance of the 
unselected cells on the selected bit line) is the nominal 
RESET resistance (essentially, as if all of the unselected 
cells on the selected bit line were in a RESET state). And the 
lowest possible value for Reo is the nominal SET resistance 
(essentially, as if all of the unselected cells on the selected 
bit line were in a RESET state). As such, the actual value for 
Reo for any READ operation will fall between these two 
limits. 

Thus, for the exemplary array configurations of row 1402, 
the smallest READ signal for reading a RESET condition 
would be calculated by using EQ. 17 and EQ. 19 with 
Re-1 MS2 to determine the V, during the data phase and 
then using EQ. 20 and EQ. 21 with Rec-1 MS2 to determine 
V during the reference phase. Subtracting these two values 
gives the smallest READ voltage possible when performing 
a READ operation on a cell in a RESET state (within the 
parameters of the exemplary array configuration of row 
1402 of FIG. 14). Plugging in these values with a bit line 
configuration of 16 cells per bit line, for example, results in 
a smallest READ signal of -29 mV when reading a cell in 
a RESET condition, as is shown in row 1402 of FIG. 14. 
Similarly, using these values for a 32 cell per bit line 
configuration, results in a smallest READ signal of -14 mV 
(again, for a RESET condition). 

Similarly, for the exemplary array configurations of row 
1402, the smallest READ signal for reading a SET condition 
would be calculated by using EQ. 18 and EQ. 19 with 
Re-1 MS2 to determine the V, during the data phase and 
then using EQ. 20 and EQ. 22 with Rio 1 MS2 and 
Rss=1 MC2 to determine V, during the reference phase. 
Subtracting these two values gives the smallest READ 
Voltage possible when performing a READ operation on a 
cell in a SET state (within the parameters of the exemplary 
array configuration of row 1402 of FIG. 14). Plugging in 
these values with a bit line configuration of 16 cells per bit 
line, for example, results in a smallest READ signal of 30 
mV when reading a cell in a SET condition, as is shown in 
row 1402 of FIG. 14. Similarly, using these values for a 32 
cell per bit line configuration, results in a smallest READ 
signal of 15 mV (again, for a SET condition). 
As can be seen from these calculations, the READ meth 

ods of the present disclosure (as detailed by FIG. 7B) are 
well suited for use with a 1-R array of linear cells. As shown 
in FIG. 14, such an array could be reliably read with a 
configuration of 16 cells per bit line and measurement and 
storage element resolution of t20 mV and with a configu 
ration of 32 cells per bit line and a measurement and storage 
element resolution of +10 mV. 

Looking now to FIG. 15B, table 1502 has been populated 
with V values (for both data and reference phases) used to 
calculate the smallest READ signal values of row 1404 of 
FIG. 14 (an array of non-linear cells using an array reference 
line configuration). Similarly to the calculations discussed 
with respect to row 1402 above, the smallest READ signal 
for reading a RESET condition with the exemplary array 
configurations of row 1404 would be calculated by using 
EQ. 17 and EQ. 19 with Reo 3 MS2 to determine the Va, 
during the data phase and then using EQ. 20 and EQ. 21 with 
Rec 3 MC2 to determine V, during the reference phase. 
The non-linearity of the resistive change elements within 
this configuration results in the increased effective resistance 
(as described above with respect to FIG. 13). Subtracting 
these two values gives the smallest READ voltage possible 
when performing a READ operation on a cell in a RESET 
state (within the parameters of the exemplary array configu 



US 9,715,927 B2 
41 

ration of row 1404 of FIG. 14). Plugging in these values with 
a bit line configuration of 64 cells per bit line, for example, 
results in a smallest READ signal of -21 mV when reading 
a cell in a RESET condition, as is shown in row 1404 of FIG. 
14. Similarly, using these values for a 128 cell per bit line 
configuration, results in a smallest READ signal of -10 mV 
(again, for a RESET condition). The largest (maximum) 
READ signal values (as listed in FIG. 15B) can be calcu 
lated for a RESET READ condition using the same equation 
sets as discussed above while using Reo 20 MS2. 

Similarly, for the exemplary array configurations of row 
1404, the smallest READ signal for reading a SET condition 
would be calculated by using EQ. 18 and EQ. 19 with 
Re3 MS2 to determine the V, during the data phase and 
then using EQ. 20 and EQ. 22 with Rio 3 MS2 and 
Rss 3MS2 to determine V, during the reference phase. 
Again, the non-linearity of the resistive change elements 
within this configuration results in the increased effective 
resistance (as described above with respect to FIG. 13). 
Subtracting these two values gives the smallest READ 
Voltage possible when performing a READ operation on a 
cell in a SET state (within the parameters of the exemplary 
array configuration of row 1404 of FIG. 14). Plugging in 
these values with a bit line configuration of 64 cells per bit 
line, for example, results in a smallest READ signal of 21 
mV when reading a cell in a SET condition, as is shown in 
row 1404 of FIG. 14. Similarly, using these values for a 128 
cell per bit line configuration, results in a smallest READ 
signal of 11 mV (again, for a SET condition). The largest 
(maximum) READ signal values (as listed in FIG. 15B) can 
be calculated for a SET READ condition using the same 
equation sets as discussed above while using Reo 20 MS2 
and Rsus-3 MS2. 
As can be seen from these calculations, the READ meth 

ods of the present disclosure (as detailed by FIG. 7B) are 
also well suited for use with a 1-R array of non-linear cells. 
As shown in FIG. 14, such an array could be reliably read 
with a configuration of 64 cells per bit line and measurement 
and storage element resolution of +20 mV and with a 
configuration of 128 cells per bit line and a measurement and 
storage element resolution of +10 mV. 

Looking now to FIG. 15C, table 1503 has been populated 
with V values (for both data and reference phases) used to 
calculate the smallest READ signal values of row 1405 of 
FIG. 14 (an array of 2x non-linear cells using an array 
reference line configuration). Similarly to the calculations 
discussed with respect to rows 1402 and 1404 above, the 
smallest READ signal for reading a RESET condition with 
the exemplary array configurations of row 1405 would be 
calculated by using EQ. 17 and EQ. 19 with Re 6 MS2 to 
determine the V during the data phase and then using EQ. 
20 and EQ. 21 with Re 6 MS2 to determine V, during the 
reference phase. The non-linearity of the resistive change 
elements within this configuration results in the increased 
effective resistance (as described above with respect to FIG. 
13). Subtracting these two values gives the smallest READ 
Voltage possible when performing a READ operation on a 
cell in a RESET state (within the parameters of the exem 
plary array configuration of row 1405 of FIG. 14). Plugging 
in these values with a bit line configuration of 128 cells per 
bit line, for example, results in a smallest READ signal of 
-21 mV when reading a cell in a RESET condition, as is 
shown in row 1405 of FIG. 14. Similarly, using these values 
for a 256 cell per bit line configuration, results in a smallest 
READ signal of -10 mV (again, for a RESET condition). 
The largest (maximum) READ signal values (as listed in 
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FIG. 15C) can be calculated for a RESET READ condition 
using the same equation sets as discussed above while using 
Reo 20 MS2. 

Similarly, for the exemplary array configurations of row 
1405, the smallest READ signal for reading a SET condition 
would be calculated by using EQ. 18 and EQ. 19 with 
Re 6 MS2 to determine the V, during the data phase and 
then using EQ. 20 and EQ. 22 with Re 6 MS2 and 
Rss, 6 MS2 to determine V, during the reference phase. 
Again, the non-linearity of the resistive change elements 
within this configuration results in the increased effective 
resistance (as described above with respect to FIG. 13). 
Subtracting these two values gives the smallest READ 
Voltage possible when performing a READ operation on a 
cell in a SET state (within the parameters of the exemplary 
array configuration of row 1405 of FIG. 14). Plugging in 
these values with a bit line configuration of 128 cells per bit 
line, for example, results in a smallest READ signal of 21 
mV when reading a cell in a SET condition, as is shown in 
row 1405 of FIG. 14. Similarly, using these values for a 256 
cell per bit line configuration, results in a smallest READ 
signal of 11 mV (again, for a SET condition). The largest 
(maximum) READ signal values (as listed in FIG. 15C) can 
be calculated for a SET READ condition using the same 
equation sets as discussed above while using Reo 20 MS2 
and Rs user-6 MS2. 
As can be seen from these calculations, the READ meth 

ods of the present disclosure (as detailed by FIG. 7B) are 
also well suited for use with a 1-R array of 2x non-linear 
cells. As shown in FIG. 14, such an array could be reliably 
read with a configuration of 128 cells per bit line and 
measurement and storage element resolution of +20 mV and 
with a configuration of 256 cells per bit line and a measure 
ment and storage element resolution of +10 mV. 

FIGS. 16A and 16B are flow charts (1601 and 1602, 
respectively) describing a first method for programming 
(that is, performing a SET or a RESET operation, as defined 
within the present disclosure) on one or more array cells 
within a resistive change element array. This first program 
ming method uses selectable current limiting elements to 
selectively permit or inhibit programming currents from 
flowing through selected and unselected cells, respectively. 

FIG. 16A is a flow chart describing this first programming 
method wherein programming currents are induced to flow 
through selected array elements from word line to bit line. 
And FIG. 16B is a flow chart describing this programming 
method wherein programming currents are induced to flow 
bit line to word line. In this way (and as will be shown in the 
following detailed discussion of these figures) this first 
programming method of the present disclosure is well Suited 
for bipolar programming operations on an array of 1-R 
resistive change element cells, such as is depicted in FIGS. 
3, 5, 6A, and 6B as well as similar variations of those array 
structures. FIGS. 17A and 18A are simplified schematic 
diagrams illustrating the electrical stimuli applied to a 
resistive change element array (as is depicted in FIG. 3) 
during the programming operation as described in the flow 
chart of FIG. 16A. And FIGS. 17B and 18B are simplified 
diagrams illustrating the electrical stimuli applied to a 
resistive change element array (as is depicted in FIG. 3) 
during the programming operation as described in the flow 
chart of FIG. 16B. This current limiting programming 
method of the present disclosure will be described in detail 
within the discussion of these figures below. 

Referring now to FIGS. 16A and 16B, in a first process 
step (1610a and 1610b, respectively) all of the word lines 
and bit lines in the array are initialized to ground (OV). In a 
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next process step (1620a and 1620b, respectively), the 
unselected word lines within the resistive change element 
array are floated. In a next process step (1630a and 1630b, 
respectively), the bit lines within the array are pulled either 
down to ground (in the case of the word line to bit line 
programming current flow of FIG. 16A) or up to a program 
ming Voltage, V., (in the case of the bit line to word line 
programming current flow of FIG. 16B) through a selectable 
current limiting element. These selectable current limiting 
elements (for example, the current Source elements depicted 
in FIGS. 17A, 17B. 18A, and 18B) can be used to either 
inhibit or permit a programming current to flow through a 
array cell on the selected word line. 
By selectively limiting the current flow through the bit 

lines during a programming operation, current flow can be 
inhibited through unselected cells and permitted to flow 
through selected cells. That is, the current flow through 
unselected cells can be limited Such as to not be large enough 
to adjust the resistive state of those unselected cells, while 
at the same time currents sufficiently high as to adjust the 
resistive stage of the selected cells can flow through the 
selected cells within the array. In this way, an applied 
programming current can be directed to program a single 
cell on a selected word line or multiple cells on a selected 
word line simultaneously. Limiting the current on these 
unselected bit lines can be performed, for example, through 
the use of current sources, programmable power Supplies, 
and resistive elements. 

In a next process step (1640a and 1640b, respectively), 
the selected word line within the resistive change element 
array is pulled either driven to a required programming 
voltage, V., (in the case of the word line to bit line 
programming current flow of FIG. 16A) or to a ground (in 
the case of the bit line to word line programming current 
flow of FIG. 16B). In this way, programming currents are 
permitted to flow through only the selected cells within the 
array. 

Within the process described by FIG. 16A, the program 
ming Voltage V, on the selected word line provides a 
Sufficient programming current only through those array 
cells on the selected word line pulled down to ground 
through selectable current limiting elements that are selected 
(or programmed or enabled, etc.) to allow relatively “high” 
currents. This programming current will adjust the resistive 
state of these selected cells from an initial resistive state into 
a desired second state (for example, into either a SET or 
RESET condition). Those cells pulled down to ground 
through selectable current limiting elements selected (or 
programmed, or enabled, etc.) to inhibit relatively “high 
currents will not experience a Sufficient programming cur 
rent and remain essentially in the same resistive state. 

Similarly, within the process described by FIG. 16B, the 
programming Voltage V applied to the bit lines provides a 
Sufficient programming current only through those array 
cells pulled up to that programming Voltage (V) through 
selectable current limiting elements that are selected (or 
programmed or enabled, etc.) to allow relatively “high 
currents. This programming current will adjust the resistive 
state of these selected cells from an initial resistive state into 
a desired second state (for example, into either a SET or 
RESET condition). Those cells pulled up to V, through 
selectable current limiting elements selected (or pro 
grammed, or enabled, etc.) to inhibit relatively “high cur 
rents will not experience a sufficient programming current 
and remain essentially in the same resistive state. 

Within this first programming method of the present 
disclosure, this programming Voltage, V, is selected (as 
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determined by the needs of a particular application and the 
type of resistive change elements being used within the 
array) to provide a programming current sufficient to adjust 
the electrical resistance of the resistive change elements 
used within the array from a first resistive state to a second 
resistive state. That is, this selected programming Voltage is 
sufficient to SET (adjust the resistive change elements from 
a relatively high resistive state to a relatively low resistive 
state) or RESET (adjust the resistive changes element from 
a relatively low resistive state to a relatively high resistive 
state) the selected array cells. 

It should be noted that in certain applications of resistive 
change element arrays, one set of programming conditions 
are used to drive a resistive change element into a SET state 
and a second, different, set of programming conditions are 
used to drive a resistive change element into a RESET state. 
That is, for example, within Such applications a first set of 
programming conditions (e.g., voltage, current, pulse width, 
polarity, etc.) will adjust a resistive change element that is 
initially in a SET state into a RESET state. However when 
this same set of programming conditions is applied to a 
resistive change element already in a RESET state, that 
element will simply remain in a RESET state in response to 
the applied programming conditions (that is, the resistive 
state of this element will remain essentially unchanged). As 
Such, within these certain applications the first programming 
operation of the present disclosure (as described with respect 
to FIGS. 16A and 16B) can be used to ensure that an entire 
group of cells (on the cells on a selected word line, for 
example) are in the same State. For example, within Such an 
application, a first programming operation according to the 
methods of the present disclosure could be used to perform 
a global RESET operation on a selected word line. Within 
Such an operation, those cells on the selected word line 
initially in a SET state would be adjusted into a RESET 
state, and those cells on the selected word line initially in a 
RESET state would remain essentially unaffected by the 
programming operation and remain in a RESET state. In this 
way, at the conclusion of the programming operation, all 
cells on the selected word line will be in a RESET state. 

Looking now to FIG. 17A, the simplified schematic 
diagram 300 of FIG. 3 has been modified to realize sche 
matic diagram 1701, which illustrates the electrical stimuli 
applied to an exemplary resistive change element array 
during an exemplary programming operation according to 
the method detailed in FIG. 16A and described above. 
Specifically, within FIG. 17A, WLI1 has been selected and 
driven to a required programming Voltage (V) while the 
remaining word lines (WLO) and WLy) are floated. And 
each of the bit lines (BLO-BLx) in the array have been 
pulled to ground through selectable current limiting devices. 
These selectable current limiting devices are represented 
within FIG. 17A as current sources, but as previously 
discussed this first programming operation of the present 
disclosure is not limited in this regard. Indeed, a number of 
elements could be used to selectively limit the current on the 
bit lines within the array, such as, but not limited to, 
programmable power Supplies and resistive elements. 

Within the exemplary programming operation depicted in 
FIG. 17A, CELL01, CELL21, and CELLX1 have been 
designated as being selected for the programming operation, 
and CELL11 has been designated as being unselected. As 
such, the selectable current limiting elements on BLO. 
BLI2, and BLIX have been configured to permit a rela 
tively “high current, and this configuration results in pro 
gramming currents (Igo, IL2, and Ix, respectively) flow 
ing from word line to bit line that are sufficient to adjust the 
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resistive change elements within the selected cells (SW01, 
SW21, and SWx1, respectively) from an initial resistive 
state into a desired second state. The selectable current 
limiting element on BL1, however, is configured to permit 
only a relatively “low” current (or, within certain applica 
tion, essentially no current), and this configuration results in 
a programming current (I) through CELL11 that is low 
enough that the resistive state of SW11 remains essentially 
unchanged during the programming operation. 

Looking now to FIG. 18A, the schematic diagram 1701 of 
FIG. 17A has been further reduced to realize schematic 
diagram 1801, which better illustrates the electrical stimuli 
applied to the elements on WLI1 (the selected word line) 
during the exemplary programming operation depicted in 
FIG. 17A. 
As can be seen in FIG. 18A, the voltage on WLI1 (V) 

is provided to the first terminal of each of the resistive 
change elements on that word line (SW01-SWx1). The 
second terminals of resistive change elements SW01, SW21, 
and SWx1 are each separately pulled to ground through 
selectable current limiting elements (via bit lines BLIO. 
BLI2, and BLX, respectively) that are configured to permit 
relatively “high' currents. As such, programming currents 
Io. I2, and I are sufficiently high as to adjust the 
resistive state (that is, program) those resistive change 
elements. However, the second terminal of resistive change 
element SW11 is pulled to ground though a selectable 
current limiting element (via bit line BL 1) that is config 
ured to permit only reality “low” currents (or, within certain 
operations, configured to essentially inhibit current flow). As 
such, programming current I sufficiently low (or other 
wise inhibited) such that the resistive state of SW11 remains 
essentially unaffected during the exemplary programming 
operation. 

In this way, Sufficient programming currents (Io, I2. 
and I) are driven through each of the selected array cells 
on WLI1 (that is, CELL01, CELL12, and CELLX1) such as 
to adjust or otherwise change the resistive state of the 
resistive change elements within those cells (that is, SW01, 
SW12, and SWx1), and such a programming current is 
inhibited from flowing the unselected array cells on WLI1 
(that is, CELL11) preventing any adjustment to the resistive 
change element within those cells (that is, SW11) during the 
programming operation. As shown in FIG. 17A, the array 
cells on the other word lines within the array (that is, 
CELL00-CELL0x and CELL0y-CELLXy) remain unaf 
fected by the programming operation. 

Looking now to FIG. 17B, the simplified schematic 
diagram 300 of FIG. 3 has been modified to realize sche 
matic diagram 1702, which illustrates the electrical stimuli 
applied to an exemplary resistive change element array 
during an exemplary programming operation according to 
the method detailed in FIG. 16B and described above. 
Specifically, within FIG. 17B, WLI1 has been selected and 
pulled down to ground (OV) while the remaining word lines 
(WLO) and WLy) are floated. And each of the bit lines 
(BLO-BLXI) in the array have been pulled up to a required 
programming Voltage (V) through selectable current lim 
iting devices. These selectable current limiting devices are 
represented within FIG. 17B as current sources, but as 
previously discussed this first programming operation of the 
present disclosure is not limited in this regard. Indeed, a 
number of elements could be used to selectively limit the 
current on the bit lines within the array, such as, but not 
limited to, programmable power Supplies and resistive ele 
mentS. 
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As within the programming operation depicted in FIG. 

17A, within the exemplary programming operation depicted 
in FIG. 17B CELL01, CELL21, and CELLX1 have been 
designated as being selected for the programming operation, 
and CELL11 has been designated as being unselected. As 
such, the selectable current limiting elements on BLO. 
BLI2, and BLIX have been configured to permit a rela 
tively “high current, and this configuration results in pro 
gramming currents (Io, I2, and I, respectively) flow 
ing from bit line to word line that are sufficient to adjust the 
resistive change elements within the selected cells (SW01, 
SW21, and SWx1, respectively) from an initial resistive 
state into a desired second state. The selectable current 
limiting element on BL1, however, is configured to permit 
only a relatively “low” current (or, within certain applica 
tion, essentially no current), and this configuration results in 
a programming current (I) through CELL11 that is low 
enough that the resistive state of SW11 remains essentially 
unchanged during the programming operation. 

Looking now to FIG. 18B, the schematic diagram 1702 of 
FIG. 17B has been further reduced to realize schematic 
diagram 1802, which better illustrates the electrical stimuli 
applied to the elements on WLI1 (the selected word line) 
during the exemplary programming operation depicted in 
FIG. 17B. 
As can be seen in FIG. 18B, the first terminal of each of 

the resistive change elements on WLI1 (SW01-SWx1) is 
pulled down to ground (OV). The second terminals of 
resistive change elements SW01, SW21, and SWx1 are each 
separately pulled to up to a programming Voltage (V) 
through selectable current limiting elements (via bit lines 
BLO), BLI2, and BLX, respectively) that are configured 
to permit relatively “high' currents. As such, programming 
currents Io. I2, and I are Sufficiently high as to adjust 
the resistive state (that is, program) those resistive change 
elements. However, the second terminal of resistive change 
element SW11 is pulled up to the programming Voltage (V) 
though a selectable current limiting element (via bit line 
BLI1) that is configured to permit only reality “low” 
currents (or, within certain operations, configured to essen 
tially inhibit current flow). As such, programming current 
I sufficiently low (or otherwise inhibited) such that the 
resistive state of SW11 remains essentially unaffected during 
the exemplary programming operation. 

In this way, Sufficient programming currents (Io, I2. 
and I) are driven through each of the selected array cells 
on WLI1 (that is, CELL01, CELL12, and CELLX1) such as 
to adjust or otherwise change the resistive state of the 
resistive change elements within those cells (that is, SW01, 
SW12, and SWx1), and such a programming current is 
inhibited from flowing the unselected array cells on WLI1 
(that is, CELL11) preventing any adjustment to the resistive 
change element within those cells (that is, SW11) during the 
programming operation. As shown in FIG. 17B, the array 
cells on the other word lines within the array (that is, 
CELL00-CELL0x and CELL0y-CELLXy) remain unaf 
fected by the programming operation. 

FIGS. 19A and 19B illustrate flow charts 1900 and 1950, 
respectively, describing a second method for programming. 
Flow chart 1900 illustrates a second method of performing 
a RESET operation and flow chart 1950 illustrates a second 
method of performing a SET operation, as defined within the 
present disclosure, on a selected array cell or cells within a 
resistive change element array. This second programming 
method may be applied to memory arrays illustrated by 
schematic diagram 801 illustrated in FIG. 8A and schematic 
diagram 901 illustrated in FIG.9A. Schematic diagram 901 
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includes a reference word line used during a READ opera 
tion as described further above. However, array cells along 
the reference word line have fixed reference resistance 
values and so only data word lines are programmed. This 
second programming method RESETs CNT switches (bits) 
in the selected array cells along a selected (data) word line 
within a selected array (or sub-array) as described in flow 
chart 1900. Those CNT Switches in a low resistance SET 
state R, transition (switch) to a high resistance RESET state 
R, and those CNT switches in a high resistance RESET 
state remain in the high resistance RESET R state. This 
directed current path programming method according to the 
present disclosure is well suited for accessing and RESET 
TING array elements in a single word line within a resistive 
change element array without disturbing or otherwise affect 
ing the other elements within the array, followed by choos 
ing one or several bit lines to perform a programming 
operation on array elements in the selected word line. This 
directed current method can be desirable within certain 
aspects of certain applications as it does not require the 
selectable current limiting elements as are used in the first 
programming method of the present disclosure and is still 
well Suited for programming 1-R arrays of resistive change 
elements. However, during a programming operation, pro 
gramming current flows to the selected cells and also to 
unselected cells in the form of leakage currents. Flow chart 
1950 describes an approach to programming the selected 
bits without disturbing unselected bits. 

Referring now to Method 1900 illustrated in FIG. 19A, in 
a first process step 1910 all word lines and bit lines in the 
array are driven to Zero Volts (ground). Next, in process step 
1920, a selected word line is driven to a RESET voltage 
Vs. RESET currents flow from word line to bit lines. 
RESET Voltage Vs is typically in the range of 2 to 3.0 
volts, for example. Only data word lines are selected. 
Reference word lines have fixed reference resistance values 
and are never selected during programming operations. 
Since all bit lines are grounded at Zero volts, array cells in 
adjacent word lines are not disturbed and no RESET Volt 
ages appear across comparator (sensing) elements. Although 
referring to a single selected word line, multiple word lines 
may be RESET simultaneously, as may be useful if per 
forming a page mode programming operation for example. 

Referring now to FIG. 19B, in a first process step 1955 all 
of the word lines and bit lines within the array are floated. 
Next, in process step 1960, a bit line or multiple bit lines are 
pre-charged to half the programming Voltage V (to V/2). 
In a next process step 1970 a programming Voltage (V) is 
applied to a selected bit line or several selected bit lines (that 
is, bit line(s) within the array associated with the array 
cell(s) to be programmed). In a next process step 1980 the 
selected word line (that is, the data word line within the array 
associated with the array cell(s) to be programmed) is pulled 
to ground (OV). This results in a programming current (I) 
flowing from bit line(s) to the selected word line through the 
selected cell(s). It should be noted that the polarity of this 
programming current can be reversed by driving the word 
line associated with a selected array element to the program 
ming Voltage (V) and driving the bit line associated with 
the selected array element to ground (OV). In this way, this 
second programming method of the present disclosure is 
well Suited for bi-polar programming operations. However, 
this second programming method may also be used for 
uni-polar programming operations if desired. 

With second programming method 1900 performing a 
RESET operations by applying RESET Voltages to all cells 
along a selected word line with all bit lines grounded, all 
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array cells along a selected word line are in the RESET state, 
corresponding to a logic “0”, at the completion of second 
programming method 1900. At this point in the second 
programming method cycle, since all array cells in the 
selected word line are in the RESET (high resistance R 
state), second programming method 1950 may apply SET 
pulses selectively to array cells according to the data input 
to the memory data I/O buffer/driver shown further below in 
FIG. 23. Thus, a programming voltage of V, Vs of 
approximately 2 Volts, for example, is applied only to 
selected bit lines where array cells are made to transition 
from a RESET state (R) to a SET state (R), where a SET 
state corresponds to a logic “1”. Array cells to remain in a 
RESET state receive no pulse. Corresponding circuits and 
methods used to perform this function are described further 
below with respect to FIGS. 23 and 24. 
Due to the complex resistive network formed by the 

unselected cells within the array interconnected with each 
other through the floated unselected word lines and bit lines, 
numerous leakage currents (I) will be present within the 
array during a programming operation using this second 
method of the present disclosure (as described in FIG. 19). 
However, as will be discussed in more detail below within 
the discussion of FIGS. 20A, 20B, 200, and 20D, by 
controlling certain parameters within the array, these leak 
age currents can be limited (for example, by the selection of 
the programming Voltage, the resistance values used within 
the resistive change elements, or the size of the array) Such 
as to prevent unselected bit line Voltages and corresponding 
leakage currents large enough to induce a change in the 
resistive state of unselected elements within the array. The 
resistive change element array can be used with a program 
ming current in either direction through a single element 
within an array without the need for local, in situ selection 
circuitry within each array cell. 

Looking now to FIG. 20A, the simplified schematic 
diagram 300 of FIG. 3 has been modified to realize sche 
matic diagram 2001, which illustrates the electrical stimuli 
applied to an exemplary resistive change element array 
during an exemplary programming operation according to 
the methods detailed in FIGS. 19A and 19B and described 
above. Specifically, within FIG. 20A, CELL11 has been 
designated as the selected cell. As such, BLI1 has been 
selected and driven to a required programming Voltage (V), 
and WLI1 has been selected and driven to ground (OV). The 
unselected word lines (WLO). WLI2-WLy) as well as the 
unselected bit lines (BLO). BL2-BLXI) within the array 
are floated. While a single bit line BL1 is used for 
illustrative purposes, multiple bit lines may also be selected 
as described further below. This results in a programming 
current (I) being induced to flow through the resistive 
change element within the selected cell (SW11) and numer 
ous leakage currents (I) flowing through the resistive 
network of the unselected cells within the array from the 
selected bit line BL 1 to the selected word line WL1. The 
programming current I also charges bit line capacitance 
C and the leakage currents. It flowing through the 
resistive network also charge the capacitances Co., C2 
C, shown in schematic diagram 2001. 

Looking now to FIG.20B, the schematic diagram 2001 of 
FIG. 20A has been further reduced to realize schematic 
diagram 2002, which better illustrates the electrical stimuli 
applied to the elements within the array during the exem 
plary programming operation depicted in FIG. 20A. 
As can be seen in FIG. 20B, the programming methods 

detailed in FIGS. 19A and 19B result in essentially two 
currents flowing through two resistive networks connected 
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in parallel between the selected bit line and the selected 
word line (BLI1 and WLI1 within the exemplary program 
ming operation depicted in FIGS. 20A and 20B). The first 
resistive network, Rs is essentially the resistive change 
element of the selected cell and the corresponding bit line 
capacitance C, and this resistive network is responsive to 
the programming current I. The second resistive network, 
R is the complex series and parallel resistive combination 
of the unselected resistive change elements within the array. 
This second resistive network is responsive to the leakage 
current I. As previously described, the parameters of the 
resistive change element array (for example, the program 
ming Voltage, the resistance values used within the resistive 
change elements, or the size of the array) are selected Such 
that the programming Voltage V, and current It is Sufficient 
to adjust the resistive state of the selected resistive change 
element from a initial resistive state to a desired second state 
and the unselected bit line Voltage and corresponding leak 
age current (I) are Sufficiently low as to not disturb (that 
is, Substantially change the resistive state) of any of the 
unselected elements within the array. The capacitive ele 
ments Cato, Cali, Ca2-C are included because these bit 
line capacitances must be charged and discharged during 
programming operations and limit the rate at which the bit 
line Voltages can charge and, in turn, how fast a program 
ming operation on CELL11 (or any cell on BL 1) can be 
performed. 

FIG. 20O is a simplified schematic diagram 2003 that 
provides an equivalent circuit model for the relatively com 
plex circuit depicted in FIG.20B. The voltage source V, and 
series resistor Rs are intended to represent the pro 
gramming voltage as applied to the selected bit line (BLI1 
in FIG. 20B). C., is intended to represent the capacitance of 
each bit line in the array, including that of the selected bit 
line (C. in FIG. 20B), and C(#BLS-1) is intended to 
represent the equivalent combined capacitance from the 
network of unselected array lines. Rs is intended to represent 
the resistance of the selected array element (SW11 in FIG. 
20A) and R is intended to represent the resistance of the 
unselected array elements. The leakage current It is 
determined by the voltage applied to R(HWLS-1) in series 
with the combination of R (#BLS-1) in parallel with C. 
(#BLs-1). 

FIG. 20D is a simplified schematic diagram 2004 that 
provides an equivalent circuit model for the relatively com 
plex circuit depicted in FIG. 20B. By way of comparison 
with schematic 2003, schematic diagram 2004 provides an 
equivalent circuit in which four bit lines are programmed 
simultaneously. In this example, the total programming 
current I is 4 times greater than programming current I in 
schematic diagram 2003 because 4 selected bits are pro 
grammed in parallel on four separate bit lines. A more 
detailed comparison of the operation of single bit line 
programming and multiple bit line programming are 
described in more detail further below. 

Referring now to FIG. 20O, the term R is intended to be 
a resistive value of the unselected elements within the array. 
Since a single word line in the array was selected, the 
resistive element R(#WLS-1) is intended to represent this 
estimated resistance value (R) divided by the number of 
word lines in the array minus one (essentially, the parallel 
resistive combination of the unselected elements on each of 
the word lines). And since a single bit line performs a SET 
operation, the resistive element R/#BLS-1 is intended to 
represent this estimated resistance value (R) divided by the 
number of bit lines in the array minus one (essentially, the 
parallel resistive combination of the unselected elements on 
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each of the bit lines). In the FIG. 24 example described 
further below, the data I/O buffer driver sends and receives 
4 bits at a time. Since only one bit line received a program 
ming voltage in FIG. 20O, the data input to the data I/O 
buffer/driver consisted of three logic “0s and one logic “1”. 

Referring now to FIG. 20D, since a single word line was 
selected, the resistive element R/(#WLS-1) shown in FIG. 
20C remains unchanged. However, since four bit lines were 
selected, the resistive element R/(#BLS-4) is intended to 
represent this estimated resistance value (R) divided by the 
number of bit lines in the array minus four (essentially, the 
parallel resistive combination of the unselected elements on 
each of the bit lines). In the FIG. 24 example described 
further below, the data I/O buffer driver sends and receives 
4 bits at a time. Since four bit lines received programming 
voltages in FIG. 20D, the data input to the data I/O buffer/ 
driver consisted of four logic “1s”. 
The values of R. Rs. Casel, and Cityset are deter 

mined by the type and characteristics (for example, but not 
limited to, physical dimensions, nominal SET and RESET 
values, fabrication methods) of the resistive change element 
being used, the size and architecture of the array itself, and 
the Voltage and currents levels required to program (that is 
to SET or RESET) the resistive change elements within the 
array. By carefully selecting and tailoring these values as 
well as the parameters of the elements within the equivalent 
circuit models 2003 and 2004 of FIGS. 200 and 20 D, 
respectively, programming parameters within the directed 
current programming method of the present disclosure (as is 
described in FIG. 19) can be selected such that programming 
currents such as I (FIG. 20O) or IP2 (FIG. 20D) are 
sufficient to adjust the resistance of selected resistive change 
elements from a initial resistive state to a desired second 
state, and, at the same time, prevent the leakage currents 
within the array, Such as Ik (FIG. 20O) or I (FIG. 
20D), from disturbing or otherwise adjusting the unselected 
elements within the array. In this way, the directed current 
method of the present disclosure can be used to adjust the 
resistive state (that is, program) a selected cell within a 
resistive change element array. 
At this point in the specification, the array Voltages and 

currents resulting from programming (WRITE) operations 
described in FIGS. 19A and 19B are calculated. These 
calculations adapt methods of calculating READ Voltages 
Summarized in FIGS. 14 and 15 to calculating programming 
(WRITE) array voltages and currents as described further 
below with respect to FIG. 21A and results are summarized 
in FIG. 22. Schematic diagram simplification methods simi 
lar to methods 801 and 902 that were applied to FIGS. 8A 
and 9A, respectively, and were applied to schematic diagram 
2001 for programming (WRITE) operations illustrated in 
FIG. 20A resulting in further simplified schematic diagrams 
2002, 2003, and 2004 shown in FIGS. 20B, 20O, and 20 D, 
respectively. Then, still further simplification using Thev 
enin equivalent circuit methods, described with respect to 
Thevenin Equivalent circuits 1201 and 1202 illustrated 
further above with respect to FIGS. 12A and 12B, respec 
tively, were adapted for programming (WRITE) operations 
as described with respect to FIGS. 21A-21D. Corresponding 
equations, similar to equations 1-10 described further above, 
were used to calculate the Voltages and currents Summarized 
in FIG. 22. 

Referring now to process step 1920 in flow chart 1900 
shown in FIG. 19A, all cells in the selected word line have 
been RESET to a high resistance state R.R. Also, refer 
ring to process step 1960 in flow chart 1950 shown in FIG. 
19B, all bit lines have been pre-charged to half the program 
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ming Voltage of V/2. By an arbitrarily assigned convention, 
a logic “0” input to the data I/O buffer/drivers (FIG. 23) 
corresponds to a high resistance RESET state, and a logic 
“1” corresponds to a low resistance SET state. By design of 
memory circuits described further below with respect to 
FIG. 24, a logic “0” input signal does not result in an applied 
programming Voltage to corresponding bit line because all 
cells on the selected word line are in a RESET state. 
However, a logic “1” input signal requires the selected cell 
location (or cell locations in case of more than one logic “1” 
input) of the corresponding array cell(s) to transition to a low 
resistance SET state. By design, a programming Voltage V 
is applied to the selected bit line (or bit lines). However, 
since all bits are RESET prior to the programming (WRITE) 
operation, the programming Voltage chosen is the SET 
voltage, so V, Vs, as shown in schematic diagram 2100 in 
FIG. 21A. Therefore, the pre-charge voltage V/2=Vs/2. 
When Vs is applied one or more bit lines, the selected 
cell(s) switch from a high resistance RESET value to a low 
resistance SET value (R->R) as the selected word line is 
driven to Zero (ground) voltage per process step 1980 in flow 
chart 1950. 

Referring now to schematic diagram 2100 illustrated in 
FIG. 21A, the selected bit line applies programming Voltage 
V, Vs to the selected bit line through a series resistor r. 
A total current I branches into two paths, a first SET 
current path through the selected cell with a current Is, 
from the selected bit line to the grounded selected word line, 
and a second leakage current path with a current I, 
flowing through unselected cells and charging unselected bit 
lines in series/parallel combinations also from the selected 
bit line to the grounded selected word line. This combination 
of series/parallel paths is represented in Schematic diagram 
2100 by first resistor Ru/iWLS-1) connected to the selected 
bit line and connected at node A to a second resistor terminal 
Ru/(#BLS-1) which in turn is connected to the grounded 
selected word line at node B. The combined capacitance of 
all bit lines, except for the selected bit line, form unselected 
bit line capacitor C (#BLS-1)x10 fF, where each array 
bit line capacitance C-10 fF in this example, has been 
pre-charged to V. Vs/2 by process step 1960. As the 
selected cell is charged to Vs. and Is current flows 
through the selected cell. It flows through the unselected 
portion of the array and some additional charge flows to 
unselected bit line capacitor C, thereby increasing the 
Voltage V as selected Switch resistance RS transitions from 
the high resistance RESET state R to the low resistance 
SET state R, and the SET Voltage transitions back toward 
Zero. It is important to complete the SET operation while 
minimizing the increase in Voltage V across the unselected 
portion of the memory array. 
The Voltage across the selected bit line transitions to Vs. 

It is important to calculate the increase in Voltage on C, 
above Vs during the SET operation resulting in an 
increased V. Further simplification is used to calculate the 
Thevenin equivalent voltage V, EQ 23 across the termi 
nals A-B and the corresponding Thevenin equivalent resis 
tance R. EQ 24, as illustrated by schematic diagrams 
2110 and 2120 illustrated in FIGS. 21B and 21C. Next, 
Thevenin equivalent circuit 2130 illustrated in FIG. 21D 
may be used to calculate the increase in V across unse 
lected bit line capacitance C using equations 23, 24, and 
25. The largest increase in the Voltage V is equal to the 
Thevenin voltage V if the duration of the SET pulse is 
equal to or greater than 3 times the time constant RC-7. 
However, if the duration of the SET pulse is less than the 3 
times the RC-7 time constant, then the increase in V, 
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AV will be less than V as may be calculated using EQ 
25. The results of calculations using equations 23, 24, and 
25 are Summarized in Table 2200 shown in FIG. 22 for 
various values of array parameters. The SET time is assumed 
to be longer than 3 times the RC time constant Such 
that AV-VT, the largest change in V. Voltage. 

Referring now to Table 2200 shown in FIG. 22, there are 
4 cases shown. In Cases 1A and 1B, the values of low 
resistance SET state R=1 MS2 and high resistance RESET 
state R–20 MS2. The SET Voltage V-2V in these 
examples. When R-1 MS2, the maximum Is current is 2 
uA for the selected cell. There are 256 bit lines and 128 data 
word lines. The selected bit transitions from R to R, in a 
SET WRITE operation. The maximum array current case 
assumes that all unselected cells are in a low resistance SET 
state R. The minimum array current case assumes that all 
unselected cells are in a high resistance RESET state R. 

Case 1A is for the 1 bit data bus shown in FIG. 20O in 
which 1 input is logic “1” and 3 inputs are logic “0”. Case 
1B is for the 4 bit data bus shown in FIG. 20D in which all 
4 inputs are logic “1”. 

In Cases 2A and 2B, the values of low resistance SET 
state R =100 kS2 and high resistance RESET state R-2 
MS2. The SET Voltage Vs., 2V in these examples. When 
RL=100 k2, the maximum Is current is 20 uA for the 
selected cell. There are 256 bit lines and 128 data word lines. 
The selected bit transitions from R to R, in a SET WRITE 
operation. The maximum array current case assumes that all 
unselected cells are in a low resistance SET state R. The 
minimum array current case assumes that all unselected cells 
are in a high resistance RESET state R. 

Case 2A is for the 1 bit data bus shown in FIG. 20O in 
which 1 input is logic “1” and 3 inputs are logic “0”. Case 
1B is for the 4 bit data bus shown in FIG. 20D in which all 
4 inputs are logic “1”. 

In cases 2A and 2B, the SET current Is is 10x higher 
than in cases 1A and 1B. The leakage currents are somewhat 
higher. However, in all cases, the total array leakage current 
in the worst case is less than 1 mA. In a typical memory 
operation, the array configurations will rarely, if ever, 
approach either maximum or minimum array current so the 
average current will be much lower than the maximum case. 

Referring now to FIG. 23, a system level block diagram 
is shown illustrating a resistive change element array within 
an exemplary access and addressing system 2300 well Suited 
for applying READ operations (as detailed in FIGS. 7A and 
7B), first programming operations (as detailed in FIGS. 16A 
and 16B), and second programming operations (as detailed 
in FIGS. 19A and 19B) of the present disclosure. 
At the core of the access and addressing system 2300 is 

a 1-R resistive change element array 2340 similar in archi 
tecture to the arrays shown in FIGS. 3, 5, 6A, and 6B. A 
processor control element 2310 provides an array of address 
control lines to a bit line driver/buffer circuit 2320 and to a 
word line driver/buffer circuit 2330. The bit line driver/ 
buffer circuit 2320 then selects bit lines through bit line 
decoder element 2325 and connects those bit lines to resis 
tive change element array 2340 through corresponding sense 
amplifier/latches 2360. Similarly, the word line driver/buffer 
circuit 2330 is connected to word line decoder element 2335 
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and selects those word lines to resistive change element 
array 2340. In this way, the programming methods of the 
present disclosure as described in detail within the discus 
sions of FIGS. 16A, 16B, and 19A, 19B above can be 
performed via electrical stimuli provided by processor con 
trol element 2310. 

The 1-R resistive change element array 2340 is coupled to 
an array of measurement and storage elements, such as sense 
amplifier/latches 2360, through array isolation devices 2350. 
Array isolation devices prevent exposure of terminals of the 
sense amplifier/latches 2360 to the higher array voltages 
during WRITE operations as described further below with 
respect to memory data path circuits schematic diagram 
2400 illustrated in FIG. 24. Measurement and storage ele 
ments, such as sense amplifier/latches 2360, are discussed 
with respect to the READ methods of the present disclosure 
described in FIGS. 7A and 7B and explained in more detail 
further below with respect to memory data path circuits 
schematic diagram 2400. Responsive to control signals from 
the processor control element 2310, the various intercon 
nections of bit lines, words lines, reference word lines (as 
shown in FIG. 6B, for example), sense amplifier/latches 
2360, bit line drivers 2355, I/O gates 2370, data bus 2375, 
and data I/O buffer/driver 2380 during READ operations. 
Data I/O buffer/driver 2380 and sense amplifier/latches 
2360, responsive to control signals from the processor 
control element 2310 are used to temporally latch and store 
logic values read from the resistive change element array. 
Responsive to the I/O gate element 2370 connected to data 
buffer driver element 2380 via data bus 2375 provides the 
logic values read from the array back to the processor 
control element 2310. In this way, the READ method of the 
present disclosure as described in detail within the discus 
sion of FIGS. 7A and 7B above can be performed via 
electrical stimuli provided by processor control element 
2310. Similarly, data may be provided from process con 
troller 2310 to data I/O buffer? driver 2380 via the I/O bus 
lines I/O0, I/O1, I/O2, and I/O3. While a 4-bit external I/O 
bus is shown in this illustrative example, I/O bus widths may 
vary from 1 bit to many bits in width (32, 64, 128, etc.) for 
example. Data temporarily stored in the data I/O buffer/ 
driver 2380 may stored in nonvolatile memory array 2340 
using a first programming (WRITE) operation described in 
FIGS. 16A and 16B. Alternatively, data temporarily stored in 
the data I/O buffer/driver 2380 may be stored in nonvolatile 
memory 2340 using a second programming (WRITE) opera 
tion described in FIGS. 19A and 19B. READ and program 
ming (WRITE) operations are described in more detail 
further below with respect to memory data path circuits 
schematic diagram 2400 illustrated in FIG. 24. 
The processor control element 2310 within the exemplary 

access and addressing system of FIG. 23 is used to represent 
a programming operation circuit (or the like) that can be 
used to apply the different Voltages and other conditions to 
the arrays of bit lines and word lines within a resistive 
change element array as required by the methods of the 
present disclosure and discussed with respect to FIGS. 7A, 
7B, 16A, 16B, 19A, and 19B above. The electrical stimuli 
required by the programming (WRITE) and READ opera 
tions of the present disclosure can be implemented through 
a variety of structures as best fits the needs of a specific 
application. For example, FPGAs, PLDs, microcontrollers, 
logic circuits, or a software program executing on a com 
puter could all be used to execute the programming opera 
tions and READ operations as detailed in FIGS. 7A, 7B. 
16A, 16B, 19A, and 19B as discussed above. 
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It should be noted that though the 1-R resistive change 

element array architectures used to illustrate the program 
ming and READ methods of the present disclosure are 
presented using the exemplary schematic drawings in FIGS. 
3, 6A, and 6B, the methods of the present disclosure should 
not be limited to those specific electrical circuits depicted. 
Indeed, it will be clear to those skilled in the art that the 
electrical circuits depicted in FIGS. 3, 6A, and 6B can be 
altered in a plurality of ways and still realize an array 
architecture well suited to the programming and READ 
operations of the present disclosure. It is preferred, then, that 
the preceding description of resistive change element array 
architectures as they relate to the methods of the present 
disclosure be representative and inclusive of these variations 
and not otherwise limited to the specific illustrative param 
eters detailed. 

Referring now to FIG. 24, memory data path circuits 
schematic diagram 2400 may be used to illustrate an imple 
mentation of the READ operations as detailed in FIG. 7B 
and the programming operations detailed in FIGS. 19A and 
19B. Note that the terms programming and WRITE are used 
interchangeably in this specification. Schematic diagram 
2400 includes an array of cells 2410 formed by CNT 
switches and correspond to memory array 2340 illustrated in 
FIG. 23; representative word line (WL) driver 2415 corre 
sponds to row (WL) address driver/buffer 2330; array 
READ devices 2430 correspond to array isolation devices 
2350; sense amplifier/latch 2435 corresponds to sense 
amplifier/latches 2360; I/O gates 2440 correspond to I/O 
gates 2370; data bus 2445 corresponds to data bus 2375; 
voltage shifter & BL driver 2450, program voltage selector 
2455, and program control device 2060 correspond to bit 
line driver 2355; BL coupling devices 2420 and BL charge/ 
discharge circuit 2425 are used to simultaneously pre-charge 
and discharge all array 2410 bit lines. Exemplary schematic 
diagram 2400 shows details of devices and circuits that may 
be used to implement READ operations detailed in FIG. 7B 
and program operations detailed in FIGS. 19A and 19B for 
selected word line WL1 and selected bit line BL1. The data 
path circuits in Schematic diagram 2400 are designed and 
operated such that sense amplifier/latch 2435, bidirectional 
data bus 2445, both shown in FIG. 24, and the bidirectional 
data I/O buffer/driver 2380 shown in FIG. 23 all operate at 
chip voltage V, for both READ and WRITE operations. 
This is because even when relatively high V, programming 
Voltages greater than V, are applied to array of cells 2440. 
array READ devices 2430 act as array isolation devices 
during programming and prevent V, from appearing across 
sense amplifier/latch 2435 terminals. And also because 
voltage shifter & BL driver 2450, connected to sense ampli 
fier/latch 2435 as described further below, generates pro 
gramming Voltage V from sense amplifier output signals 
Switching between ground (Zero) and V, levels. 
The operation of array of cells 2410 and array READ 

devices 2430 are described further above for READ opera 
tions by flow chart 702 in FIG. 7B and in corresponding 
schematic diagrams 901 and 903 shown in FIGS. 9A and 9C, 
respectively. The operation of array of cells 2410, bit line 
coupling devices 2420, and bit line charge/discharge circuit 
2425 are explained further above for programming opera 
tions by flow charts 1900 and 1950 in FIGS. 19A and 19B, 
respectively, and in corresponding schematic diagram 2001 
shown in FIG. 20A. 

Sense amplifier/latch 2435 is used to temporarily store 
data from array of cells 2410 during a READ operation and 
to temporarily store data from data bus 2045 during a 
programming operation. Sense amplifier/latch 2435 is 
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formed as follows. PFET devices Ts and TS source 
terminals are connected together and to PFET device Tss, 
whose source is connected chip voltage V, and whose gate 
is connected to PSET control. NFET devices T and Ts 
source terminals are connected together and to NFET device 5 
Ts, whose source is connected to ground and whose gate 
is connected NSET control. The drains of Ts and Ts are 
connected together and to an output at node X1. The gates 
of Ts and Ts are connected together and connected to 
one of the pair of array read devices 2430 and one of the pair 10 
of bidirectional I/O gates 2440. The drains of Ts and Ts 
are connected together and to an output at node X2. The 
gates of Tsa and Tsa are connected together and connected 
to another of the pair of array READ devices 2430 and 
another of the pair of bidirectional I/O gates 2440. Node X1 15 
is connected to the gates of Tsa and Tsa and node X2 is 
connected to the gates of Ts and Tss, thereby forming 
sense amplifier/latch 2435. Sense amplifier/latch 2435 is 
only operational when pull-up device Tss and pull-down 
device Tse are activated. The READ Voltage V used in 20 
the examples illustrated in FIGS. 14 and 15 is equal to 1 
Volt. 

The pair of bidirectional I/O gates 2440 are also con 
nected to true (T/C) and complement (C/T) bidirectional 
data bus 2435 that is in turn connected to bidirectional data 25 
I/O buffer/driver 2380 illustrated in FIG. 23 (bidirectional 
data bus 2445 corresponds to data bus 2375). 

Voltage shifter & BL driver 2450 is activated only during 
programming operations described with respect to flow 
charts 1900 and 1950 shown in FIGS. 19A and 19B, 30 
respectively, and as discussed above with respect to corre 
sponding FIGS. 21 and 22. The voltage shifter & BL driver 
2450 circuit is formed as follows. PFET devices T.s and 
Tissources are connected together and to program Voltage 
selector 2455. The drain of Ts is connected to the drain of 35 
NFET device Tsa and the gate of Ts at node Ors. The 
drain of Ts is connected to the drain of NFETTs and the 
gate of Ts. The source of Tss is connected to the gate of 
Ts and to terminal X1 of sense amplifier/latch 2435. The 
Source of Tsa is connected to the gate of Tss and to 40 
terminal X2 of sense amplifier/latch 2435. The output node 
Os of voltage shifter & BL driver 2450 is connected to the 
source of program voltage control device 2460, a PFET 
device, controlled by signal Vti. As connected to the gate. 
The drain of program voltage control device 2460 is con- 45 
nected to bit line BL1 of array of cells 2410 in this example. 
Voltage shifter & BL driver 2450 is activated when program 
Voltage selector 2455 is connected to Voltage Vs., and is 
de-activated when connected to 0 Volts. In this example, 
Vs. 2 V and Vs/2=1 V. 50 
As described with respect to flow chart 1950 illustrated in 

FIG. 19B, process step 1960 pre-charges all bit lines in array 
of cells 2410 while word lines float. Accordingly, bit line 
coupling devices 2420 are activated and bit lines are pre 
charged by bit line charge/discharge circuit 2425 to half the 55 
programming Voltage V/2 and then bit line coupling 
devices 2420 are turned OFF prior to programming BL1. As 
explained further above, V, Vs, since all cells in array of 
cells 2410 are in a high resistance RESET state. Signal 
V. As is at Vset/2 Such that if the input data is a logic 60 
“0”, and node Ops is at Zero volts, program control voltage 
device 2460 is OFF isolating bit line BL1 from voltage 
shifter & BL driver 2450, and bit line BL1 remains pre 
charged to Vs/2. However, if the input data is a logic “1”. 
then node Ostransitions from 0 to SET Voltage Vs. When 65 
node Ots exceeds Vs/2, then program Voltage control 
device 2460 turns ON and drives bit line BL1 to Vs as 
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described by process step 1970 shown in FIG. 19B. At this 
time, the selected word line WL1 is driven to ground by WL 
driver 2415 as described in FIG. 19B process step 1980 and 
the cell, in this example CELL11 shown in array of cells 
2410, switches from the high resistance R RESET state to 
the low resistance R, SET state. Referring to the examples 
in table 2200 in FIG. 22, the unselected bit line voltages 
increase from a pre-charge value of 1.0 V. to 1.3V after a 
SET operation. Referring to program Voltage control device 
2460, optionally, voltage V. As may be lowered from 1 
V to 0.85 V, for example, prior to voltage shifter & BL driver 
2450 transition to Vs thereby reducing unselected bit 
voltages from approximately 1.3 V to approximately 1.15V. 
and therefore closer to the pre-charge value of 1 V. 

Referring now to FIG. 25, programming (WRITE) opera 
tion 2500 illustrates the various operational waveforms 
resulting from calculations of the electrical performance of 
memory data path circuits schematic diagram 2400. In this 
example, a READ/WRITE control signal process controller 
2310, in the block diagram access and addressing system 
2300 shown in FIG. 23, initiates a WRITE operation via a 
READ/WRITE control signal and provides word and col 
umn addresses which are decoded by the cross point 
memory system. FIG. 25 waveforms focus on the data path 
circuits shown in schematic diagram 2400 illustrated in FIG. 
24. Data provided by process controller 2310 to data I/O 
buffer? driver 2380 shown in FIG. 23 is transmitted to 
bidirectional data bus 2375, which corresponds to data bus 
2445 in FIG. 24. Sense amplifier/latch 2435 is activated and 
connected to chip power supply V, and ground by pull-up 
transistor Tss and pull-down transistors Tse. Voltage 
shifter & BL driver 2450 is activated by program voltage 
selector 2455 and connected to voltage V, V, which is 
equal to 2V in this example. Program Voltage control device 
2460 is in OFF state isolating BL1 from the output node Os 
of voltage shifter & BL driver 2450 until node Os exceeds 
Vs/2=1 V in this example. During this time, word line 
WL1 is selected, all bit lines in array of cells 2410 are 
pre-charged to Vs/2, and bit line BL1 is selected. 
At this time, Vs is applied to I/O gates 2440 and the 

logic signal is transmitted from data bus 2445 to sense 
amplifier/latch 2435 inputs. A logic “1” input results in a 
V, Voltage on the T/C bus line (Zero voltage on the C/T bus 
line) and a logic “0” Voltage results in a Zero Voltage on the 
T/C bus line (V, on the C/T bus line). In this example, a 
logic “1” data input is provided and sense amplifier/latch 
2435 temporarily stores the signal. The sense amplifier 
output X1 transitions to OV and output X2 transitions to 
V. This input to voltage shifter & BL driver 2450 causes 
the voltage shifter & bit line driver 2450 output node Os to 
transition to Vs. 2 V in this example. With program 
Voltage control device gate at V Asi-Vs/2=1V, bit line 
BL1 transitions from Vs/2 to Vs for a logic “1” signal 
(for a logic “0” signal. V, would have remained at 
Vs/2). Word line WL1 transitions to Zero Volts. Vs, in 
this example 2V, appears between selected bit line BL1 and 
selected word line WL1 and CELL11 in array of cells 2410 
switches from high resistance R RESET state to low 
resistance R, SET State completing the storage of a data 
input from process controller 2310 to a memory array cell 
corresponding to CELL11 in array of cells 2410. 
The values of Voltages, currents, and timings have been 

calculated as described further above with respect to FIGS. 
21 and 22. However, for a selected CMOS technology, 
physical and electrical parameters and models are provided 
by the fabricator that can be used with design, layout, and 
simulation Software for accurate simulations. A model for 
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nonlinear CNT switches can be derived from CNT switch 
I-V electrical characteristics, such as semi-log plot 1300 
shown in FIG. 13. For example, semi-log plot 1300 can be 
approximated using nonlinear polynomial equations to pro 
vide a CNT switch model that can be introduced in the 
simulation software. 

Although the present invention has been described in 
relation to particular embodiments thereof, many other 
variations and modifications and other uses will become 
apparent to those skilled in the art. It is preferred, therefore, 
that the present invention not be limited by the specific 
disclosure herein. 
What is claimed is: 
1. A resistive change element array, comprising: 
a plurality of word lines; 
a plurality of bit lines; 
a plurality of resistive change elements, wherein each 

resistive change element has a first terminal and a 
second terminal and wherein said first terminal of each 
resistive change element is in electrical communication 
with a word line and said second terminal of each 
resistive change element is in electrical communication 
with a bit line; 

at least one resistive reference element, said resistive 
reference element having a first terminal in electrical 
communication with a word line and a second terminal 
in electrical communication with a bit line; and 

control circuitry in electrical communication with said 
word lines and bit lies, said control circuitry capable of 
discharging a preselected voltage and observing a 
resulting discharge current through at least one of said 
plurality of resistive change elements and said at least 
one resistive reference element. 

2. The resistive change element array of claim 1 wherein 
said control circuitry is capable of discharging preselected 
Voltages and observing resulting discharge currents through 
multiple resistive change elements in a single operation. 

3. The resistive change element array of claim 1 wherein 
said control circuitry is capable of discharging preselected 
Voltages and observing resulting discharge currents through 
a resistive change element and a resistive reference element 
in a single operation. 

4. The resistive change element array of claim 1 wherein 
said control circuitry is capable of comparing observed 
discharge currents through a selected resistive change ele 
ment and a resistive reference element to determine the 
resistive state of said selected resistive change element. 

5. The resistive change element array of claim 4 wherein 
said control circuitry is capable of determining the resistive 
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state of every resistive change element in electrical com 
munication with a selected word line in a single operation. 

6. The resistive change element array of claim 4 wherein 
a discharge current observed through said selected resistive 
change element higher than a discharge current through said 
resistive reference element corresponds to a first logic state 
and a discharge current observed through said selected 
resistive change element lower than a discharge current 
through said resistive reference element corresponds to a 
Second logic state. 

7. The resistive change element array of claim 1 wherein 
said control circuitry is capable of providing at least one 
programming current through at least one resistive change 
element. 

8. The resistive change element array of claim 7 wherein 
said at least one programming current is capable of adjusting 
the electrical resistance of at least one resistive change 
element from a first resistive state to a second resistive state. 

9. The resistive change element array of claim 8 wherein 
said first resistive state is lower than said second resistive 
State. 

10. The resistive change element array of claim 8 wherein 
said first resistive state is higher than said second resistive 
State. 

11. The resistive change element array of claim 8 wherein 
the resistive state of every resistive change element in 
electrical communication with a selected word line is 
adjusted in a single operation. 

12. The resistive change element array of claim 8 wherein 
said first resistive state corresponds to a first logic value and 
said second logic state corresponds to a second logic value. 

13. The resistive change element array of claim 1 wherein 
each bit line has a resistive reference element. 

14. The resistive change element array of claim 1 wherein 
said resistive change elements are two-terminal nanotube 
switching elements. 

15. The resistive change element array of claim 14 
wherein said two-terminal nanotube switching elements 
comprise a nanotube fabric. 

16. The resistive change element array of claim 1 wherein 
said resistive change elements are metal oxide memory 
elements. 

17. The resistive change element array of claim 1 wherein 
said resistive change elements are phase change memory 
elements. 

18. The method of claim 1 wherein said resistive change 
element array is a memory array. 
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